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Investigating the effects of odours on perception using EEG and 
fMRI 
Stephanie Cook 
Abstract 
 Olfaction and emotion are tightly linked due to the close anatomical coupling 
of the two systems in the brain. As a result, odours provide an effective means of 
manipulating hedonic perceptions of other stimuli. This thesis set out to explore the 
neural mechanisms underlying such effects. 
 Using ERP analysis and event-related fMRI, we investigated how pleasant 
and unpleasant odours affected hedonic evaluations of visual stimuli, and examined 
whether these effects were dependent on the timing of stimulus presentation, 
olfactory-visual congruency, and the focus of the rating task. We also explored 
bidirectional cross-modal effects of visual stimuli on odour pleasantness and 
intensity perception. 
 We found that odours consistently modulated hedonic evaluations of faces, 
objects and flowers, and that these visual stimuli in turn affected odour pleasantness 
and intensity ratings, and respiratory patterns. Effects of odours on face perception 
were represented in mid- and late-ERP components. Simultaneous olfactory-visual 
stimulation and olfactory-visual congruency amplified such effects, particularly in 
the context of an unpleasant odour. fMRI data showed that activity in regions known 
as part of the brain’s valuation system was related to subjective hedonic ratings, and 
was boosted by a pleasant odour context. 
 This thesis concludes that odours exert robust effects on hedonic evaluations. 
Moreover, visual stimuli in turn influence odour perception. The resulting changes in 
neural activations and respiratory patterns are likely the result of an evolutionary 
adaptive mechanism responding to ecologically relevant cross-modal information. 
Effects of odours on hedonic evaluations are represented in mid- and late-ERP 
components and by activity in the brain’s valuation system.  
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Chapter 1 
 
General introduction 
 
1.1 Olfactory perception 
 
Despite the relative neglect of olfactory research in comparison to visual and 
auditory modalities, it is widely recognised that the olfactory system plays a 
significant role in human memory, emotion and cognition (Engen, 1973; Engen & 
Ross, 1973; Richardson & Zucco, 1989).  Odour molecules are volatile chemicals 
detected by olfactory sensory neurons (OSNs). Dendrites of OSNs extend into the 
olfactory epithelium, which encompasses thin cilia that protrude into the nasal 
mucosa; the mucus that lines the nasal cavity (Buck & Bargmann, 2000; Mackay-
Sim & Royet, 2006). The cilia contain odour receptors that recognise and bind to 
odorants. An odorant binding to its receptor induces intracellular signalling events 
that depolarise the OSN (Buck & Bargmann, 2000). Axons of OSNs pass through a 
perforated region in the skull above the nasal cavity, known as the cribriform plate, 
where they synapse on glomeruli with mitral and tufted cell relay neurons in the 
ipsilateral olfactory bulb (Buck & Bargmann, 2000; Firestein, 2001). These relay 
neuron axons then project to olfactory cortex, where they terminate on dendrites of 
pyramidal neurons whose axons project to other brain areas (Buck & Bargmann, 
2000) (see Figure 1.1).  
 
1.2 Olfactory cortex 
 
Early investigations of projections from the olfactory bulb were conducted 
using animals, and were the first to suggest close connections between the olfactory 
and limbic systems in the brain (Kay & Freeman, 1998; Rolls & Baylis, 1994; 
Tanabe, Yarita, Iino, Ooshima, & Takagi, 1975). Electrophysiological studies 
observed gamma band activity in the olfactory bulb of the hedgehog (Adrian, 1950), 
and in the olfactory bulb and pre-piriform cortex of other mammals (Bressler & 
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Freeman, 1980). Gamma band frequencies varied with olfactory bulb size (Bressler 
& Freeman, 1980), and coherence and correlation analysis indicated activity being 
passed from the periphery inward within and between olfactory bulb, pre-piriform 
cortex and entorhinal cortex (Boeijinga & Da Silva, 1988, 1989; Bressler, 1987a, 
1987b).  
 
 
Figure 1.1: A basic schematic of the olfactory system, representing the dendrites of olfactory sensory 
neurons extending into the olfactory epithelium in the nasal cavity, whilst their axons protrude 
through the cribriform plate and synapse in the olfactory bulb. From Buck and Bargmann (2000). 
 
In line with the animal data, olfactory cortex in humans is very closely related 
with subcortical, limbic regions of the brain known for their involvement in emotion 
and memory (LaBar & Cabeza, 2006; LeDoux, 1993; Phelps, 2004). The primary 
olfactory cortex encompasses regions receiving direct projections from the olfactory 
bulb, including the anterior olfactory nucleus, anterior and posterior piriform cortex 
and amygdala, the olfactory tubercle and entorhinal cortex. The piriform cortex is the 
largest of these areas, and is considered the major part of the primary olfactory cortex 
(Buck & Bargmann, 2000; Carmichael, Clugnet, & Price, 1994; Price, 1985). 
Olfactory information is transmitted from the primary olfactory cortex in two 
pathways; one pathway relays sensory information directly to other brain structures, 
bypassing the thalamus (a process that is unique to olfaction) (Ongur & Price, 2000; 
Shepherd, 2005), whilst the other pathway relays sensory information indirectly 
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through the thalamus, like other sensory modalities (Buck & Bargmann, 2000). 
These higher order projections converge on secondary olfactory regions in frontal 
and orbital areas of the neocortex, which include the orbitofrontal cortex (OFC), 
agranular insula, amygdala subnuclei, hypothalamus, and hippocampus (Buck & 
Bargmann, 2000). Secondary olfactory regions are known to be important for odour 
discrimination, and emotional and physiological responses to odours (Buck & 
Bargmann, 2000). In a recent meta-analysis, Seubert, Freiherr, Djordjevic, and 
Lundstrom (2012) showed that areas consistently named as part of primary and 
secondary olfactory cortex are reliably so (see Figure 1.2). The role of the primary 
and secondary olfactory cortices will now be discussed in further detail, with 
particular emphasis on the piriform cortex, amygdala and OFC. 
 
 
Figure 1.2: Primary and secondary olfactory cortex. From Seubert et al. (2012). 
 
1.2.1 Piriform cortex 
 
As mentioned, piriform cortex is considered the key primary olfactory area 
and is the major recipient of inputs from the olfactory bulb (Buck & Bargmann, 
2000; Gottfried & Zald, 2005). The piriform cortex responds to both smells and 
sniffing in the absence of an odour (Sobel et al., 1998), and is receptive to hedonic 
quality as well as sensory perception (Gottfried, Smith, Rugg, & Dolan, 2004; Savic, 
Gulyas, Larsson, & Roland, 2000). It is thought that the piriform may be involved in 
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odour recognition and memory, and possibly odour familiarity (Mackay-Sim & 
Royet, 2006; Royet et al., 1999). Neuroimaging research has encountered 
inconsistent activation of the piriform during olfactory stimulation (Royet et al., 
1999; Sobel et al., 1998; Zald & Pardo, 1997; Zatorre, Jones-Gotman, Evans, & 
Meyer, 1992), thought to be due to conventional fMRI sequences resulting in signal 
loss in olfactory specific areas, and olfactory habituation. However, event-related 
designs and special imaging protocols have been employed in more recent years in 
order to avoid such methodological issues (Gottfried, 2006). 
 
1.2.2 Amygdala 
 
The amygdala receives direct projections from the olfactory bulb (Gottfried, 
2006) as well as secondary projections from primary olfactory areas (Buck & 
Bargmann, 2000), and is therefore referred to as both a primary and secondary 
olfactory region (Gottfried & Zald, 2005). Hence, odour induced activations are 
observed in the amygdala and its function includes basic perception of odours, but 
also higher order processes of affect, learning and motivation (Mackay-Sim & Royet, 
2006). The amygdala is thought to encode odour valence and/or intensity; however, 
experimental findings have been mixed. Early research suggested that the amygdala 
encoded odour valence (Zald & Pardo, 1997), but the findings were criticised due to 
the confound of odour intensity. Later research instead suggested that the amygdala 
encoded intensity (Anderson et al., 2003). However, a study controlling for both 
valence and intensity showed that amygdala responded to intensity for pleasant and 
unpleasant odours, but not neutral odours, suggesting that the interaction between 
intensity and valence, and therefore the overall behavioural salience of the odour was 
reflected by amygdala activation (Winston, Gottfried, Kilner, & Dolan, 2005). More 
recent research has suggested that the amygdala encodes the complete spectrum of 
odour valence (Jin, Zelano, Gottfried, & Mohanty, 2015). 
Neurons in the olfactory bulb project to specific areas of the amygdala that 
transmit signals to the hypothalamus, which may be responsible for controlling 
appetite, reproductive behaviours and memory for odours (Buck & Bargmann, 2000). 
The amygdala is now known to be involved in associative learning between visual 
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stimuli and olfactory reinforcers, and encoding predictive reward value (Gottfried, 
O'Doherty, & Dolan, 2003). Further, amygdala activation has been associated with 
the evocation of odour memories (Herz, Eliassen, Beland, & Souza, 2004), supported 
by lesion studies of patients with bilateral amygdala damage (Buchanan, Tranel, & 
Adolphs, 2003; Markowitsch et al., 1994). 
 
1.2.3 Orbitofrontal cortex (OFC) 
 
Early research implicating the OFC as part of the olfactory cortex came from 
studies investigating single neuron recordings in monkeys (Critchley & Rolls, 1996; 
Rolls, Critchley, & Treves, 1996). Electrophysiological and histochemical evidence 
showed that discrete portions of the monkey OFC receive direct afferent inputs from 
primary olfactory cortex (Gottfried & Zald, 2005). Data from humans demonstrated 
substantial cytoarchitectural convergence between the monkey and human OFC, with 
authors suggesting that the parallel organisation in monkeys and humans would 
allow experimental data from monkeys to be applied to studies of the human cortex 
(Ongur, Ferry, & Price, 2003). However, functional neuroimaging studies revealed 
that the human OFC shows an olfactory responsive region in a location more anterior 
(or rostral) to that predicted from the monkey data (Gottfried & Zald, 2005). Authors 
have suggested that this may be due to technical and methodological issues, 
translocation of cell position, or, most likely, an evolutionary change in the relative 
importance of anterior vs posterior regions, whilst neural networks remained the 
same (Gottfried & Zald, 2005). Hence, the reliability of translation from monkey to 
human data on the OFC is still debated (Gottfried & Zald, 2005). 
Gottfried and Zald (2005) compared data from 5 PET and fMRI studies on 
human olfaction, and found that the localisation of olfactory OFC in humans was 
highly consistent across studies. The OFC is the major neocortical area receiving 
direct afferent inputs from all regions in the primary olfactory cortex (apart from the 
olfactory tubercle) without a thalamic relay, and is known as the secondary olfactory 
cortex. It is located along the basal surface of the caudal frontal lobes, including the 
gyrus rectus medially and the agranular insula laterally, which wraps onto the caudal 
orbital surface (Gottfried, 2006). The topography of the human OFC retains the basic 
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features of the monkey OFC, however, a deep horizontally running sulcus bisects the 
middle orbital region between medial and lateral orbital sulci (Gottfried & Zald, 
2005). Interestingly, pleasant odours are known to evoke stronger activity in medial 
OFC, whilst unpleasant odours activate lateral OFC (Gottfried, 2006; Gottfried, 
O'Doherty, & Dolan, 2002; Rolls, Kringelbach, & de Araujo, 2003; Seubert et al., 
2012).  
Caudal OFC activation is typically associated with low level olfactory 
processing, such as passive smelling and odour detection (Gottfried, Deichmann, 
Winston, & Dolan, 2002; Zald & Pardo, 1997; Zatorre et al., 1992), suggesting that 
this region represents the initial neocortical projection site from the primary olfactory 
cortex (Gottfried, 2006). Lesions of the OFC have been associated with impairments 
in odour identification (Jones-Gotman & Zatorre, 1988), odour quality discrimination 
(Potter & Butters, 1980), and olfactory memory (Jones-Gotman & Zatorre, 1993). 
Patients with OFC lesions were also impaired on the University of Pennsylvania 
Smell Identification Test (UPSIT) (Doty, Shaman, Kimmelman, & Dann, 1984; 
Gottfried & Zald, 2005). However, such studies showed that detection thresholds 
were relatively preserved with orbital lesions. Authors have argued that the absence 
of lesion effects on elementary processing implies that the olfactory projection site in 
human OFC may not have direct access to representations of odour perception, and 
may instead receive only highly refined and abstracted sensory inputs in order to 
process more complex olfactory behaviours (Gottfried & Zald, 2005).  
Indeed, the role of the OFC in higher order cognitive operations related to 
odour processing has been discussed (Gottfried & Zald, 2005). Odour intensity 
judgements (Zatorre, Jones-Gotman, & Rouby, 2000), familiarity judgements (Royet 
et al., 2001; Royet et al., 1999), hedonicity judgements (Royet et al., 2001) and 
quality discrimination (Savic et al., 2000) are all associated with orbitofrontal 
activity. Studies have shown that the reward value of odours is represented in the 
OFC, leading to the conclusion that the OFC records affect-related, rather than 
sensory-related processing of odour stimuli (Gottfried & Zald, 2005; Grabenhorst & 
Rolls, 2011; Grabenhorst, Rolls, Margot, da Silva, & Velazco, 2007; Rolls, 2004a). 
In particular, one such study showed greater activations in the OFC when the task 
was to rate and remember odour pleasantness compared to when the task was to rate 
odour intensity (Rolls, Grabenhorst, Margot, da Silva, & Velazco, 2008). Moreover, 
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another study showed that medial OFC tracked the absolute subjective value of 
pleasant and unpleasant odours, whilst the anterolateral OFC tracked the subjective 
value of the odours relative to a more or less pleasant odour (Grabenhorst & Rolls, 
2009). 
Studies have shown that more rostral areas of the OFC are engaged in higher 
order olfactory computations, associative learning (Gottfried & Dolan, 2004; 
Gottfried, O'Doherty, et al., 2002; Gottfried et al., 2003) and odour recognition 
memory (Dade, Zatorre, & Jones‐Gotman, 2002; Savic et al., 2000). Moreover, 
cognitive tasks influenced responses to odours in the OFC (Royet & Plailly, 2004). 
OFC activations are usually accompanied by regional responses in large areas of the 
frontal, temporal, parietal and occipital cortex (in absence of primary olfactory 
cortex), suggesting the involvement of non-olfactory networks in mediating higher 
level olfactory decision making (Gottfried, 2006). An increasing body of research 
has implied that the OFC is involved in cross-modal integration, in particular 
olfactory-visual convergence. One such study showed that bimodal stimulus pairs 
appear to be processed more rostrally, whereas odours alone were processed more 
caudally (Gottfried & Dolan, 2003), providing further evidence for the involvement 
of caudal and rostral OFC in basic and higher-order olfactory processing, 
respectively. 
 
1.3 Olfaction and emotion 
 
From the research discussed, it is clear that the olfactory system has several 
unique properties compared to other sensory modalities: the ipsilateral nature of 
central projections, the absence of thalamic intermediary in one pathway between 
olfactory cortex and higher-order structures, and an intimate overlap with limbic 
brain regions (Gottfried, 2006). The latter two of these properties are likely 
responsible for the overlap between olfaction and emotion. It has been argued that 
the close links between olfaction, emotion and memory are a logical consequence of 
the anatomical relationship between the olfactory and limbic systems (Royet, Plailly, 
Delon-Martin, Kareken, & Segebarth, 2003). For many animals, odours motivate 
almost every aspect of behaviour: maternal bonding, kinship recognition, food 
search, mate selection, predatory avoidance and territorial marking (Gottfried, 2006), 
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and much of the fundamental evidence for the relationship between olfaction and 
emotion in the brain comes from studies in non-human primates (Rolls, 2004a, 
2004b). However, as shown by the recent neuroimaging studies in humans discussed, 
there is strong neurological evidence to suggest a close anatomical coupling of 
olfactory and emotional processes in the brain (Gottfried, Deichmann, et al., 2002). 
We recognise from our own human experience that odours have an extraordinary 
ability to trigger memories, and can modulate emotional reactions and changes in 
mood with little cognitive involvement (Richardson & Zucco, 1989). 
Olfactory research has provided increasing evidence that odours are 
automatically affective stimuli. We involuntarily categorise odours by their 
pleasantness, and so emotion and hedonic judgement are primary facets of olfaction 
(Bensafi, Rouby, Farget, Bertrand, et al., 2002; Herz & Engen, 1996). It has been 
suggested that hedonic factors are of such considerable importance in odour 
categorisation due to the relatively small vocabulary assigned to describing odours; 
odours are typically described as part of the complex emotional experiences in which 
they are encountered, rather than through the use of specific words or phrases 
(Richardson & Zucco, 1989). Indeed, early olfactory research suggested that neutral 
odours may acquire values through pairing with emotionally significant events (M. 
D. Kirk-Smith, Van Toller, & Dodd, 1983). Thus, odours are inherently pleasant or 
unpleasant, and very tightly linked with emotions. 
It is well known that the inherent pleasantness or unpleasantness of scents can 
produce approach/avoidance behaviours (Levine & McBurney, 1986; Spangenberg, 
Crowley, & Henderson, 1996; Takagi, 1989). In everyday life, odours serve as 
warning signals for threats in our environment (Croy, Drechsler, Hamilton, Hummel, 
& Olausson, 2016). For negative odours in particular, this warning function is 
characterised by withdrawal reflexes and disgust (Stevenson, 2010). For example, 
Miltner, Matjak, Braun, Diekmann, and Brody (1994) showed that an unpleasant 
odour enhanced startle reflex amplitude relative to neutral air stimulation, whereas a 
pleasant odour reduced the startle reflex. Additionally, Bensafi, Rouby, Farget, 
Bertrand, et al. (2002) showed that unpleasant odours provoked heart rate 
acceleration during a smelling task. More recently, a study by Boesveldt, Frasnelli, 
Gordon, and Lundstrom (2010) demonstrated that an unpleasant food odour (fish) 
was detected faster and more accurately than odours belonging to other categories 
(e.g. rose). The authors concluded that the olfactory system reacts more efficiently to 
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ecologically relevant stimuli that signal danger. Moreover, pleasant odours are 
known to produce approach behaviours (e.g. looking time) and improve mood 
(Knasko, 1995). Hence, odours produce both physiological and psychological 
approach/avoidance reactions in order to provide an ecological advantage. 
 
1.4 Cross-modal effects of odours 
 
The integration of the olfactory system with other sensory modalities has 
become an important theme in recent olfactory research, with authors suggesting that 
the integration of olfactory, visual and auditory stimuli in normal perception is 
common (Gottfried & Dolan, 2003; Platek, Thomson, & Gallup, 2004; Rolls & 
Baylis, 1994). Multiple senses work together to combine information to enhance the 
salience, and reveal more about the nature of meaningful external events, creating 
unitary perceptual experiences (Stein & Stanford, 2008). Single-neuron recordings 
have identified specific multisensory neurons in the brain that respond to stimuli 
from more than a single sense. In basic physiology, multisensory integration is 
defined as a significant difference between the number of impulses evoked by a 
cross-modal combination of stimuli and the number evoked by such stimuli 
individually (Meredith & Stein, 1983). The result of multisensory integration is 
therefore an enhancement or depression of a neuron’s response, and the magnitude of 
multisensory integration is a measure of the relative physiological salience of an 
event (Stanford & Stein, 2007). Although much research into multisensory 
integration has focused on visual-auditory interactions, other such studies have 
revealed multisensory neurons responding to olfactory, gustatory and visual stimuli, 
namely in the orbitofrontal cortex (Rolls & Baylis, 1994).  
In addition to single-neuron recordings, neurophysiological and functional 
imaging studies have identified many multisensory cortical regions in humans and 
non-human primates (Stein & Stanford, 2008). Some of this multisensory research 
has focussed on olfactory-taste interactions, and has suggested that flavour 
perception is dependent upon such (Small et al., 2004). In particular, one study 
showed that whilst umami taste presented alone was not pleasant, the resulting 
flavour when it was paired with a savoury odour was rated as much more pleasant. 
Moreover, this taste-odour combination produced much greater activation of the 
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medial orbitofrontal cortex and pregenual cortex than the sum of the activations by 
the taste and olfactory components presented separately (McCabe & Rolls, 2007). 
As evidenced, odours have such a powerful influence on human behaviour 
that they automatically attract or repel us as a function of their intrinsic affective 
qualities (L. J. Ball, Shoker, & Miles, 2010). Because of the strong links between the 
olfactory and emotional systems in the brain and the resulting capacity of odours to 
evoke direct emotional reactions with minimal involvement of cognitive activity 
(Ehrlichman & Halpern, 1988), odours provide an advantageous way to manipulate 
emotional processes and perceptions of other stimuli. Thus, odours are often used to 
induce affective states in olfactory research (Bensafi, Rouby, Farget, Bertrand, et al., 
2002). Indeed, early research studies showed that pleasant odours significantly 
improved scores on tension and depression measures (Schiffman, Sattely-Miller, 
Suggs, & Graham, 1995; Schiffman, Suggs, & Sattely-Miller, 1995), and that 
unpleasant odours had negative effects on mood, emotional ratings of an 
environment and the amount of time spent there (Rotton, Barry, Frey, & Soler, 
1978). One such study by Millot and Brand (2001) showed that voice pitch was 
modulated by ambient odours, where pleasant odour conditions produced higher 
voice pitch than unpleasant odour conditions during a reading task. The authors 
hypothesised a functional convergence of encoding emotion and hedonic perception 
of odours. Another very recent study showed that odours modulated touch processing 
(Croy et al., 2016). Thus, the multisensory integration of odours with other sensory 
stimuli is common. 
 
1.4.1 Odour priming 
 
A number of studies have demonstrated that odours influence perceptions of 
other stimuli, in particular visual stimuli. These types of effects are referred to as 
‘odour priming’ throughout the present thesis. Odour priming effects can refer to the 
manipulation of preferences for neutral, unrelated stimuli. Such effects are often 
investigated in ‘evaluative conditioning’ paradigms, where a change in the liking of a 
stimulus (conditioned stimulus; CS) comes as a result of pairing that stimulus with 
other positive and negative stimuli (unconditioned stimulus, US) (Hofmann, De 
Houwer, Perugini, Baeyens, & Crombez, 2010).  Alternatively, odour primes can 
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influence responses to a congruent or incongruent visual stimulus target in 
‘evaluative priming’ type scenarios (Herring, Taylor, White, & Crites Jr, 2011)  
 
1.4.1.1  Effects of odours on face perception 
 
In general, pleasant odours improve hedonic ratings of visual stimuli, and 
unpleasant odours have the opposite effect. van Reekum, vann de Berg, and Frijda 
(1999) found that evaluations of abstract paintings presented together with odours 
were shifted in the direction of the odour valence. In other words, emotionally 
neutral paintings paired with liked odours were rated more favourably than those 
presented with disliked odours. The authors concluded that affective odours having 
no logical connection to pictures were able to induce odour evaluative conditioning. 
In a much more recent study, adding unpleasant odours to pleasant or neutral images 
reduced hedonic ratings of the images (Banks, Ng, & Jones-Gotman, 2012). 
Thus, pleasant and unpleasant odours are able to modulate evaluations of 
objects that would otherwise be neutral. Given the vast amount of products on the 
market with the aim of increasing or decreasing odour according to situational needs, 
intuition would assume that pleasant and unpleasant odours also affect judgements of 
other people. Indeed, marketing schemes promote the notion that odours have a 
direct role in the success or failure of social relationships (Todrank, Byrnes, 
Wrzesniewski, & Rozin, 1995). Both human face processing and odour processing 
almost always involve some aspect of emotion (Walla, 2008). Odours increase 
looking time for faces, and these effects are present from a very early age (Durand, 
Baudouin, Lewkowicz, Goubet, & Schaal, 2013). Furthermore, research has shown 
that both pleasant and unpleasant odours improve recognition accuracy for human 
faces, with pleasant odours having a greater influence (Walla, 2008; Walla, Mayer, 
Deecke, & Lang, 2005). However, surprisingly little scientific research has sought to 
back up the assumption that odours influence subjective evaluations of faces. Very 
early chemosensory research indicated that pheromones were able to modulate 
evaluations of others. These effects were most prominent in assessments of men by 
women (Cowley, Johnson, & Brooksbank, 1977). Early studies in applied-
psychology showed that pleasant odours enhanced evaluations of job applicants, and 
resulted in increased negotiation goals in the workplace (Baron, 1983, 1990). 
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One of the first studies directly assessing the effects of odours on judgements 
of people in an experimental setting was reported in a book chapter by M. D. B. 
Kirk-Smith, D. A. (1990). Their results showed that, in the presence of a perfume, 
both men and women rated photographs of men and women as being significantly 
‘sexier’ and ‘softer’ as compared with a no-perfume condition. No such effect was 
observed with a banana essence, which according to the authors was rated equally as 
pleasant as the perfume. However, it was recognised that prolonged presentation of 
odours resulted in a change in participant self-reported mood, such that participants 
rated themselves as feeling sexier after exposure. It was suggested that the effect on 
mood induced by the odours may have given rise to the behavioural effects reported. 
Another early study combining odours and photos of people in a conditioning 
paradigm found similar results. Todrank et al. (1995) paired liked, neutral and 
disliked odours with photographs of neutral (unfamiliar) people of the opposite sex 
to participants in a conditioning phase. When the photographs were subsequently 
presented without odours, participant preference ratings for people in the 
photographs were shifted according to preference ratings for the odours they were 
originally presented with.  
Later chemosensory research demonstrated effects of body odours on social 
judgements. Women in videos were rated as more stressed, less trustworthy and less 
competent when participants were simultaneously exposed to untreated samples of 
stress sweat (Dalton, Mauté, Jaén, & Wilson, 2013). Effects of subliminally 
presented odours on judgements of people have also been investigated. In a study by 
Li, Moallem, Paller, and Gottfried (2007), participants rated the likeability of neutral 
faces after stimulation with pleasant, neutral or unpleasant odours presented below 
detection thresholds. Results showed that odour valence significantly shifted 
likeability ratings from participants who lacked conscious awareness of the odours in 
a subsequent odour detection task. The magnitude of the odour priming effect 
decreased as sensitivity for odour detection increased. The authors argued that social 
preferences are subject to influences from odours that escape awareness, whereas the 
availability of conscious odour information may disrupt such effects.  
Despite this, recent studies have demonstrated that odour priming effects can 
occur with explicit awareness of odours. Dematte, Osterbauer, and Spence (2007) 
had female participants judge attractiveness of male faces which were 
simultaneously presented with clean air or one of four odours (2 pleasant, 2 
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unpleasant; one of each body relevant or irrelevant). Participants rated male faces as 
significantly less attractive in the presence of an unpleasant odour as compared to 
when the faces were presented with a pleasant odour or clean air. There was no 
difference in attractiveness ratings between the pleasant odour and clean air 
conditions. Furthermore, results were unaffected by whether the odours were body 
relevant or not. The authors concluded that unpleasant odours, even those bearing no 
relevance to body odours, have a cross-modal influence on judgements of 
attractiveness. In a very recent study, Seubert, Gregory, Chamberland, Dessirier, and 
Lundström (2014) investigated the modulatory effects of odours linearly increasing 
in pleasantness on attractiveness and age perception of female faces. Odours that 
were perceived as more pleasant resulted in higher attractiveness ratings. Moreover, 
a linear increase in perceived facial attractiveness was predicted by a linear increase 
in perceived odour pleasantness. There were no effects of odour on age perception. 
The study concluded that odours modulate affective, but not cognitive evaluations of 
faces. Taken together, the research discussed provides strong evidence that odours 
are able to modulate preferences for neutral stimuli and human faces. 
Very few neuroimaging studies have sought to investigate the neural 
mechanisms underlying effects of odours on evaluations of faces. One 
magnetoencephalography (MEG) study showed that neutral face stimuli paired with 
aversive odours in a conditioning paradigm were subsequently rated as more 
negative. Emotional modulations were observed at intervals of 50−80 and 130−190 
ms following face onset in frontal and occipito-temporal regions of the brain, 
respectively (Steinberg et al., 2012). In an electroencephalography (EEG) study, 
Herrmann, Ziegler, Birbaumer, and Flor (2000) administered a pleasant food odour 
(vanilla) and an unpleasant food odour (rotten yeast) as appetitive and aversive 
unconditioned stimuli. Throughout the experimental task, slides showing neutral 
male faces were presented as conditioned stimuli. Participants rated the valence and 
arousal of the faces whilst EEG was recorded from 9 electrodes. Heart rate, 
electromyography (EMG) and skin conduction response (SCR) were also measured. 
Subjective ratings and SCR revealed successful aversive conditioning of faces with 
the unpleasant odour. However, the pleasant odour failed to produce appetitive 
conditioning. Odour conditioning elicited stronger amplitude of the late positive 
component (LPC), and the N100 component was more pronounced in the presence of 
the pleasant odour. Other cortical effects failed to reach significance. The authors 
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concluded that odour conditioning was mainly represented by a change in subjective 
evaluations rather than physiological responses, and suggested that the presence of 
conditioning with a lack of significant cortical correlates was due either to extremely 
localised cortical processing of conditioned olfactory cues not detectable from ERPs, 
and/or to deep subcortical processing (Herrmann et al., 2000).  
In another EEG study, Bensafi, Pierson, et al. (2002) measured changes in 
event-relate potential (ERP) responses to female faces caused by a pleasant odour 
prime. They tested whether pleasant odour affected emotional judgements, response 
times, N400 response or LPC in response to faces. Participants were instructed to 
make a binary choice whether the neutral female faces, presented either in the 
presence of a pleasant odour or no odour, were pleasant or not. No behavioural 
effects of odours on evaluations or response times were observed. However, the late 
component of ERPs evoked by faces was modulated by the presence of a pleasant 
odour: The LPC evoked by faces judged as unpleasant was significantly more 
positive than LPC evoked by faces judged as pleasant in the pleasant odour 
condition. The authors suggested that this may reflect enhanced alert reaction to 
unpleasant faces preceded by an incongruous pleasant odour. Hence, EEG studies 
thus far have provided a very limited understanding of the neural mechanisms 
underlying the influence of odours on evaluations of faces. 
One functional magnetic resonance imaging (fMRI) study paired pleasant and 
unpleasant odours with neutral faces in a conditioning paradigm (Gottfried, 
O'Doherty, et al., 2002). No subjective ratings of the faces were recorded; however, 
data showed evidence of appetitive and aversive olfactory learning in the medial and 
lateral OFC, respectively. The authors argued for the evidence that odours could 
induce cross-modal associative learning. Another fMRI experiment investigated the 
effects of odours on attractiveness ratings of neutral male faces (McGlone, 
Österbauer, Demattè, & Spence, 2013). Faces presented in an unpleasant odour 
condition were rated significantly less attractive than the same faces presented in a 
pleasant odour condition, or in the absence of an odour. Furthermore, faces presented 
in the pleasant odour condition produced significant activations in the medial and 
lateral OFC and ventral striatum, areas known to be associated with reward 
processing and value encoding (Lebreton, Jorge, Michel, Thirion, & Pessiglione, 
2009; Rolls, 2000), facial attractiveness (O'Doherty et al., 2003), and positively 
valenced odours (Anderson et al., 2003; Rolls et al., 2003). Faces presented in the 
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unpleasant odour condition produced activations in the amygdala and anterior insular 
cortex, areas known to be involved in the representation of negative affect (Sato, 
Yoshikawa, Kochiyama, & Matsumura, 2004; Wicker et al., 2003) and facial 
unattractiveness (O'Doherty et al., 2003). Thus, functional imaging studies have 
provided some initial understanding of neural mechanisms underlying odour priming 
of hedonic ratings of faces. However, the data is sparse, and distinct temporal 
representations of odour priming in the brain remain unexplored.  
 
 
1.4.1.2  Olfactory-visual congruency in odour priming 
 
Odour priming effects are often investigated with a focus on congruency 
between valenced odours and visual stimuli with affective significance. In one early 
study, Bone and Jantrania (1992) found that products paired with a congruent scent 
(e.g. cleaning products with lemon scent) were evaluated more positively than 
products paired with incongruent scents (e.g. cleaning products with coconut scent). 
A further study showed that target words were evaluated faster if preceded by a 
similarly valenced odour, as compared to affectively incongruent odour-word pairs 
(D. Hermans, Baeyens, & Eelen, 1998).  
Eye-movement studies investigating visual-olfactory congruency effects have 
yielded similar results. Seigneuric, Durand, Jiang, Baudouin, and Schaal (2010) 
investigated how the processing of visual objects was altered by the presence of 
olfactory cues, and found that odour related visual cues (e.g. a picture of an orange) 
were explored faster and for a shorter time in the presence of a congruent odour (e.g. 
orange odour). Another showed that participants looked longer and more frequently 
at a corresponding object in the presence of an odour as compared to an odourless 
condition (Seo, Roidl, Muller, & Negoias, 2010). A further study investigating 
olfactory-visual congruency showed that unpleasant images combined with 
unpleasant odours produced a stronger SCR than unpleasant images combined with 
pleasant odours (Banks et al., 2012). 
Congruency effects in olfactory priming have also been shown to modulate 
visual ERPs and neural activity in EEG and MEG studies (Castle, Van Toller, & 
Milligan, 2000; Grigor, 1995; Grigor, Van Toller, Behan, & Richardson, 1999; 
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Sarfarazi, Cave, Richardson, Behan, & Sedgwick, 1999; Walla & Deecke, 2010). In 
one early study, Grigor (1995) paired food odours with photographs of foods. EEG 
data showed that the N400 component of the visual ERP was greater in incongruous 
situations, e.g. when an apple scent was paired with a picture of a loaf of bread. 
Grigor et al. (1999) later extended these findings by using non-food odours and 
photographs of objects which were matched or mismatched with the odour. Although 
N400 peaks were produced for both matched and mismatched conditions, peaks were 
significantly more negative for the mismatched condition. In a similar study, pictures 
of flowers, fruit and objects were presented with no odour, rose odour, jasmine odour 
or citrus odour. Participants were instructed to categorise the pictures by pressing one 
of two buttons (e.g. flower or fruit) (Sarfarazi et al., 1999). The findings mimicked 
those of Grigor and colleagues, showing increased negativity of the N400 when the 
picture did not match the odour. The authors concluded that this N400 effect serves 
as a measure of relatedness of a sensory stimulus to a previous or ongoing prime. 
Castle et al. (2000) presented pleasant and unpleasant household odour primes 
followed by congruent or incongruent visual stimuli. The N400 was more negative in 
response to incongruent stimuli when a malodour was used as a prime, but not when 
a pleasant odour was used. The authors suggested that this highlights the importance 
of hedonically negative stimuli.  
These types of congruency effects extend to odour priming studies using 
human faces as visual stimuli. Such studies have suggested that odours are able to 
prime face discrimination. In one study, recognition of disgusted faces was improved 
by presentation of an olfactory stimulus, irrespective of its emotional valence. There 
were no such effects for other facial expressions (Seubert et al., 2010). Leppanen and 
Hietanen (2003) showed that happy faces were recognised faster than disgusted faces 
in the presence of a pleasant odour. The authors reported that this recognition 
advantage disappeared in the unpleasant odour condition due to the slow recognition 
of incongruent, happy faces. A recent study showed that the minimum amount of 
visual information required to correctly perceive an expression was lowered when 
the odour context was emotionally congruent (Leleu, Demily, et al., 2015). 
Furthermore, odours in the form of low-intensity chemosensory signals have 
been shown to modulate the processing of emotionally-valenced faces. Pause, Ohrt, 
Prehn, and Ferstl (2004)  presented chemosensory anxiety odour or chemosensory 
control odour before and during sub-threshold presentation of happy, fearful and 
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neutral faces (11 ms) followed by neutral targets (47 ms). In the control condition, 
subjects judged neutral targets as significantly more positive when they were primed 
by happy faces compared to fearful faces. In the anxiety odour condition, the priming 
effect of happy faces was diminished in females. However, there was no effect of 
anxiety odour on negative priming effects yielded by the fearful faces. In a similar 
study also recording EEG, Adolph, Meister, and Pause (2013) presented participants 
with a chemosensory anxiety odour (sweat taken from subjects before an 
examination) or a chemosensory control odour (sweat taken from subjects in during a 
sport activity) during the viewing of anxious facial expressions. Both chemosensory 
signals modulated the processing of fearful faces. EEG data showed that N170 
amplitudes were larger for facial expressions presented in both chemosensory 
contexts as compared to facial expressions with no chemosensory context. Another 
study observed that stress sweat enhanced the late LPP in responses to neutral and 
ambiguous faces (Rubin, Botanov, Hajcak, & Mujica-Parodi, 2012). Further research 
has suggested that non-chemosensory odour contexts can modulate cortical responses 
to faces. Leleu, Godard, et al. (2015) found that an aversive odour modulated the 
P200 by amplifying the difference in response to neutral versus happy and disgusted 
facial expressions. However, no subjective behavioural responses were gathered. 
Hence, cross-modal effects of odours on visual perception are often dependent on 
congruency, and neural mechanisms underlying such effects may be reflected in 
EEG activity. 
 
1.4.2.  Cross-modal effects of other stimuli on odour perception 
 
In the same way that odours can influence perceptions of other stimuli, the 
opposite is true in that odour perception is extremely malleable, and susceptible to 
top-down influences. An increasing body of research has demonstrated the role of 
cross-modal integration in odour perception, and suggests that congruency is also of 
importance in these effects. For example, Seo and Hummel (2011) presented 
participants with congruent, incongruent or neutral sounds before and during odour 
presentation. Odours were rated as more pleasant when paired with a congruent 
sound. In the second part of their study, participants received pleasant or unpleasant 
sounds before and during the presentation of pleasant or unpleasant odours. Odour 
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pleasantness for both pleasant and unpleasant odours was amplified by pleasant 
sounds. Hedonic ratings of the auditory cues also correlated with odour pleasantness 
ratings. The authors concluded that auditory cues are able to modulate odour 
pleasantness. 
Other studies have investigated the cross-modal effects of visual, semantic 
and olfactory stimuli on odour perception. Olofsson, Bowman, Khatibi, and Gottfried 
(2012) had participants perform an identification task where they indicated whether 
an odour matched the previously presented word label. Responses were quicker for 
odours preceded by semantically matching words. In another study, participants 
made speeded odour discrimination responses for fruit odours while viewing 
congruent or incongruent colour patches, black and white outline drawings, or a 
combination of both. Discrimination accuracy was diminished by incongruent 
shape/odour pairing (Dematte, Sanabria, & Spence, 2009). Similarly, Gottfried and 
Dolan (2003) provided participants with an olfactory detection task, where odours 
and pictures were delivered separately or together. Results showed perceptual 
olfactory facilitation for semantically congruent odour-picture pairs. This 
behavioural advantage was also associated with neural activity in the anterior 
hippocampus and rostromedial OFC. Authors have argued for the automaticity of 
high level visual-olfactory cross-modal interactions (Dematte et al., 2009; Gottfried 
& Dolan, 2003).  
Visual information has been shown to affect odour pleasantness perception as 
well as odour discrimination. Seo, Arshamian, et al. (2010) found that congruent 
symbol odour pairs increased perceived pleasantness and intensity of a pleasant 
odour, and increased the unpleasantness of an unpleasant odour. Furthermore, the 
congruent symbols produced significantly higher amplitudes and shorter latencies in 
the N1 peak of olfactory ERPs compared to incongruent symbols. In another such 
study, a neutral suprathreshold odour was rated as less pleasant and more intense 
following unpleasant picture presentation, whilst viewing positive images increased 
reported odour pleasantness (Pollatos et al., 2007). More specifically, de Araujo, 
Rolls, Velazco, Margot, and Cayeux (2005) investigated how semantic information 
conveying different valences modulated pleasantness perception of the same odour in 
an fMRI study. A test odour (isovaleric acid) was presented with one of two visual 
labels: “cheddar cheese” or “body odour”. The odour was rated significantly more 
unpleasant when labelled body odour than when labelled cheddar cheese. Differences 
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in cortical activations modulated by the odour label were observed in the OFC and 
anterior cingulate cortex (ACC), and correlated with odour pleasantness ratings. 
Cross-modal influences on odour perception are therefore evident. However, such 
effects have not yet been investigated using emotional faces as a top-down influence 
on odour perception. As discussed, both odours and faces are potent triggers of 
emotion. The literature has not yet addressed potential bidirectional cross-modal 
effects of odours and faces on odour and face processing. 
 
1.5.1  Integration of olfactory and visual stimuli in the OFC 
  
As discussed, the OFC is among the most consistently activated structures in 
olfactory imaging experiments (Sobel et al., 2000; Zald & Pardo, 1997; Zatorre et al., 
2000), is commonly referred to as secondary olfactory cortex (Carmichael et al., 
1994; Price, 1985; Seubert et al., 2012), and encodes the reward value of odours 
(Gottfried & Zald, 2005; Grabenhorst & Rolls, 2011; Grabenhorst, Rolls, & Parris, 
2008; Rolls, 2004a). The OFC is also thought to be involved in the convergence of 
visual and olfactory information (Gottfried & Dolan, 2003). In non-human primates, 
individual OFC neurons responding to combined visual and olfactory stimulation 
have been identified, resulting in the argument for olfactory and visual convergence 
in the primate OFC (Rolls & Baylis, 1994). More recent studies have observed 
olfactory-visual interactions in the OFC in an associative conditioning task 
(Gottfried, O'Doherty, et al., 2002), and in the facilitation of odour perception 
induced by olfactory-visual congruency (Gottfried & Dolan, 2003). Given the role of 
the OFC in encoding value of various stimuli, it has been postulated that the OFC 
may be involved in the transfer of affective value between olfactory and visual 
modalities (Gottfried, O'Doherty, et al., 2002). Hence, the OFC is likely involved in 
cross-modal interactions between odours and visual stimuli that influence affective 
value, and may also depend on olfactory-visual congruency. 
 
1.5.2  The OFC and the brain’s valuation system   
 
The OFC is well established in the processing of reward and affective value 
of fundamentally different affective stimuli, including taste, touch, texture and facial 
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expression (Rolls & Grabenhorst, 2008). Studies have also identified the role of other 
areas of the frontal cortex, including the ventromedial prefrontal cortex (vmPFC), in 
representing subjective pleasantness of different types of rewards (Grabenhorst, 
D'Souza, Parris, Rolls, & Passingham, 2010). In a recent review paper, Grabenhorst 
and Rolls (2011) discuss the role of both the OFC and the vmPFC in the computation 
of expected value, reward outcome and experienced pleasure for different stimuli on 
a common value scale. One recent study suggested that the OFC encodes subjective 
value in animals, whilst vmPFC encodes subjective value in humans (Abitbol et al., 
2015). A meta-analysis of studies investigating brain representation of subjective 
value in humans concluded that regions encoding subjective value included vmPFC, 
dorsomedial prefrontal cortex (dmPFC), striatum, thalamus, and anterior insula 
(Bartra, McGuire, & Kable, 2013). It has been proposed that such regions form a 
brain valuation system that encodes preferences and values of different types of 
objects on a common scale (Bartra et al., 2013; Lebreton et al., 2009). 
 Recent studies have shown that value-based evaluative processes and related 
brain structures are activated automatically upon viewing an object; regardless of 
whether or not the task is to explicitly report the subjective judgement (Kühn & 
Gallinat, 2012; Lebreton et al., 2009; Levy, Lazzaro, Rutledge, & Glimcher, 2011). 
Moreover, activations in OFC and vmPFC correlate with subjective emotional 
experience and pleasantness ratings of affective stimuli or rewards (Grabenhorst et 
al., 2010; Rolls & Grabenhorst, 2008; Rolls, Grabenhorst, & Parris, 2010). The OFC 
is clearly involved in the integration of visual and olfactory information. The OFC 
and other areas of frontal cortex, including vmPFC and dmPFC, are integral for 
reward processing. However, at present it is not clear how the brain encodes the 
value of different types of visual stimuli in the presence of odour.  
 
1.6 Interim summary 
 
In light of the research discussed here, it is evident that odours have profound 
links with emotion and therefore exert potent cross-modal effects on stimulus 
perception. Such cross-modal influences can be observed with neutral stimuli, or 
alternatively, stimuli that are affectively congruent or incongruent. In the same way 
that odours influence visual stimulus perception, visual stimuli are able to influence 
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odour perception, where congruency also plays a role. Given the inherently affective 
properties of both odours and faces and their relative social importance, they make 
appropriate stimuli for investigating olfactory-visual interactions. The OFC and other 
areas of frontal cortex are involved in encoding the affective value of various stimuli, 
including odours.  
 
1.7 Research problems 
 
Although it is clear that odours can influence evaluations of visual stimuli, 
including human faces, the neural mechanisms underlying such effects are poorly 
understood due to a lack of neuroimaging studies. The majority of studies 
investigating odour priming effects presented odours and faces simultaneously, 
which is a potential source of confound in subjective ratings. Moreover, little is 
known about whether there are differences, either behaviourally or in EEG data, in 
such odour priming with a temporal lag between odour and face presentation versus 
simultaneous odour-face presentation. Such a question has a wider relevance for the 
general literature on evaluative priming.  
The effects of congruent and incongruent pairings of odours and emotional 
face stimuli on face processing have not yet been investigated using EEG. Moreover, 
it is not known whether such combinations can exert bidirectional cross-modal 
effects on subjective evaluations of both faces and odours. It is not clear how the 
brain encodes the value of different types of visual stimuli in the presence of odour, 
and whether olfactory-visual congruency has an effect on activity in the brain’s 
valuation system and related subjective ratings.  
 
1.8 Thesis chapters 
 
 Chapter 2 describes the olfactory stimulation equipment and neuroimaging 
data collection and analysis methods used in the following experimental chapters, 
with a particular emphasis on the use of statistical parametric mapping (SPM) as a 
robust and novel method of EEG analysis.  
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Chapter 3 discusses an EEG study investigating the effects of pleasant and 
unpleasant odours on evaluations of happy and disgusted faces, using a one second 
temporal lag between odour offset and face presentation in order to observe true 
odour priming effects that carried over to face processing when the odour was no 
longer present. The study described in Chapter 4 was an EEG study observing such 
effects both with and without this temporal lag. These studies were carried out to 
elucidate the time course of neural mechanisms underlying effects of odours on 
evaluations of faces, and to investigate how stimulus onset asynchrony (SOA) 
influences such odour priming effects.  
Chapter 5 investigated the effects of congruent and incongruent pairings of 
pleasant and unpleasant odours and happy and disgusted faces on both face and 
odour perception, using EEG. This study was designed to further explore the nature 
of olfactory-visual congruency in the brain, and to observe bidirectional priming 
effects of odours and emotional face stimuli. All three EEG studies employed a 
novel, exploratory approach to ERP analysis, using SPM.    
 Chapter 6 reports an event-related fMRI study, investigating the effects of a 
pleasant odour on value-based versus perceptual decision making about congruent 
and incongruent visual stimuli. The purpose of this study was to further investigate 
olfactory-visual congruency in the brain with the advantage of the superior spatial 
resolution of fMRI, and to explore how such congruency affected value-based 
judgements, with a particular focus on observing activity in the brain’s valuation 
system.   
Throughout the experimental chapters, pleasantness ratings are used to 
measure subjective valuation of visual stimuli; which include faces, objects and 
flowers. Pleasantness ratings are a common measure of subjective value (Kühn & 
Gallinat, 2012) and were employed across experiments in order to maintain 
consistency. The term ‘subjective value’ is therefore used throughout the present 
thesis to refer to value measured by such ratings, rather than value as derived from 
choices.    
Chapter 7 provides a general discussion where results of the experimental 
chapters are summarised with theoretical implications, limitations are described, and 
some suggestions for future research are proposed.      
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1.9 Hypotheses 
 
 Pleasant and unpleasant odours will influence evaluations of neutral and 
affectively congruent and incongruent visual stimuli. 
 Odour priming effects will be represented in the ERP response to faces. 
 Effects of odours on evaluations of faces will differ as a function of odour-
face stimulus onset asynchrony (SOA).  
 Emotional faces will influence ratings of odour pleasantness and intensity.  
 Congruent olfactory-visual pairings will modulate activity in the OFC, and 
such activity will fluctuate depending on value-based versus perceptual focus. 
  
24 
 
Chapter 2 
 
General Methods 
 
2.1 Olfactometer 
 
Throughout all experiments described in the following chapters, a custom-
built, computer controlled, eight-channel olfactometer (Dancer Design, Wirral, UK) 
was used to deliver olfactory stimuli. The channels were made from fluorinated 
ethylene propylene (FEP) tubing, which connects glass bottles containing odour 
mixtures to the participant head piece. The head piece was mounted onto participants 
using a flexible plastic ring, adjusted such that it sat comfortably on the shoulders, 
and so that two narrow-diameter FEP tubes were placed approximately one cm 
below the nostrils. These tubes directed the airflow birhinally. One glass odour bottle 
contained odourless propylene glycol alone, pumped through continuously to provide 
a constant flow of ‘clean air’. Hence, odours were always embedded within this 
constant flow of clean air, such that participants would not sense changes in airflow 
associated with odour presentations (Huart, Legrain, Hummel, Rombaux, & 
Mouraux, 2012). Propylene glycol was also used to dilute the experimental odours. 
Airflow was kept constant at 2.5 l/min in EEG experiments, and at 4 l/min in the 
fMRI set up. This difference in airflow is attributable to the air having to travel a 
further distance through longer tubes used in the olfactometer set up at the Magnetic 
Resonance and Image Analysis Research Centre (MARIARC). Very similar 
configurations have been used successfully in previous experiments (Grabenhorst & 
Rolls, 2009; McGlone et al., 2013; Rolls et al., 2003).  
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2.2 Electroencephalography (EEG) 
2.2.1 Physiological basis of the EEG signal 
 
 Action potentials are discrete spikes in voltage generated in the cell body of 
neurons, which travel along the axon fibre to excitatory or inhibitory terminals. 
Neurons in the brain communicate via these action potentials; however, they are brief 
(10 ms or less) with a very limited potential field (Rowan & Tolunsky, 2003), and 
are generally not synchronised. As a result, voltage generated from action potentials 
is not detectable at scalp electrodes (E. J. Speckmann & Elger, 2005). However, 
when an action potential travels along an axon fibre to an excitatory or inhibitory 
synapse, a post-synaptic potential occurs, and neurotransmitters bind with the 
postsynaptic cell membrane. This causes ion channels to open, and a potential 
develops between intracellular and extracellular space (E. J. Speckmann & Elger, 
2005). These potentials, referred to as extracellular field potentials (E.-J. Speckmann, 
Caspers, & Andersen, 1979), are considerably longer (50–200 ms) and have a greater 
field (Rowan & Tolunsky, 2003). Thousands of field potentials may occur in a 
similar location and orientation during a coherent response, due to the macroscopic 
organisation of dendrites (Fisch, 1999). The summation of such potentials may then 
be detected and measured as a voltage difference on the scalp using EEG (Lopes da 
Silva & Van Rotterdam, 2005; Nunez & Silberstein, 2000). 
 
2.2.2 EEG signal acquisition and processing 
 
 An EEG recording involves the measurement of fluctuating electrical field 
potentials in the brain across time (Kamp, Pfurtscheller, Edlinger, & Lopes da Silva, 
2005). Electrodes are usually positioned on the scalp, in a location corresponding to a 
contemporary derivative of the Standardised International 10-20 system, which is 
based upon relative distance measurements using internationally recognised 
anatomical landmarks on the skull (Jasper, 1958; Klem, Luders, Jasper, & Elger, 
1999). This standardised electrode placement allows for consistent interpretation of 
EEG recordings across laboratories. A suitable gel, paste or liquid is usually applied 
during electrode placement to assist with conduction (Rowan & Tolunsky, 2003) and 
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to reduce electrode to skin impedance, which can lead to distortions of the EEG 
signal (Teplan, 2002).  
The amplitude of a typical adult scalp EEG signal ranges between 
approximately 10 and 100 µV in amplitude (Aurlien et al., 2004), and therefore 
needs to be greatly amplified before being transformed into a graphic representation 
that can be accurately measured and interpreted (Steven J. Luck, 2005; Rowan & 
Tolunsky, 2003). Signal at a given electrode represents the voltage difference 
between that electrode and the reference electrode signal (Steven J. Luck, 2005). 
There are several methods of providing a reference electrode signal, including the 
vertex electrode, mean recordings from electrodes positioned over bilateral mastoids, 
a common average reference representing the mean signal of all electrodes, or 
Laplacian data; a comparison between each electrode and the weighted average of 
the immediately surrounding electrodes (Nunez et al., 1997). During EEG recording, 
low-pass filters are used to attenuate undesirable high-frequency signals such as 
muscle potentials. High-pass filters are used to attenuate low frequency, slow 
potentials.  
 
     
Schematic of the 128 
channel Geodesic 
sensor net. Electrode 
17 is placed between 
the eyes, 
approximately 1 cm 
above the bridge of the 
nose. Electrodes 126 
and 127 are cheek 
electrodes; electrodes 
125 and 128 sit also on 
the cheeks, ventrally 
and caudally to 126 
and 127.  
 
Figure 2.1:  
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Throughout the EEG recordings described in the following chapters, a 128-
channel dense array net of sponge electrodes (Electrical Geodesics, Inc.) was used. 
The electrode net covered the entire vertex and back of the head, and much of the 
face (see Figure 2.1). A saline solution was used as a conductor, and the vertex 
electrode (VREF, commonly referred to as Cz) was used as the reference. Electrode-
to-skin impedances were kept below 50 kΩ. A high-pass filter of 0.01 Hz, and a low-
pass filter of 1000 Hz were employed.  
 
2.2.3 Advantages and limitations of EEG recordings 
 
 A major advantage of EEG recording is its superb temporal resolution. 
Electrical changes that occur over the course of milliseconds can be detected 
(Schneider & Strüder, 2012), allowing for a direct read out of the processing of 
stimuli in real time. Specific aspects of sensory and cognitive processing, which can 
be more accurate and revealing than behavioural measures (e.g. reaction time) alone 
can be investigated (S. J. Luck, Woodman, & Vogel, 2000). A second advantage of 
EEG is that it provides a relatively direct measurement of neuronal activity in 
comparison to indirect haemodynamic responses recorded using fMRI or positron 
emission tomography (PET) (Hari, Parkkonen, & Nangini, 2010). EEG research is 
also practically advantageous as it is a non-invasive technique that can be carried out 
in a wide range of environments, and is considerably less expensive in comparison to 
fMRI, magnetoencephalography and PET (Schneider & Strüder, 2012).     
 The fundamental limitation of EEG investigation is poor spatial resolution in 
comparison to methods such as fMRI. Given that EEG is recorded from the scalp via 
electrodes, any electrical signal is attenuated by the tissues it must pass through, such 
as the meninges, cerebrospinal fluid and skull (Nunez et al., 1997). As a result, a 
definitive identification of the source of electrical activity is impossible. This is 
commonly referred to as the inverse problem. Complex mathematical algorithms are 
often used to reconstruct intracranial origins for a given EEG signal in source 
analysis methods; however, these are limited by the accuracy of conductivity models 
and brain templates (Schneider & Strüder, 2012).   
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2.2.4 Artifact rejection in EEG analysis 
 
The amplification required to record electrocortical potentials also results in 
the amplification of extracerebral potentials many times their amplitude, which may 
render EEG uninterpretable. These extracerebral potentials include those caused by 
muscle movement, chewing, heart beat (electrocardiographic activity, ECG), eye 
blinks (electrooculagraphic activity, EOG) and eye movements, and are known as 
artifacts (Rowan & Tolunsky, 2003). Other artifacts can arise from electrode 
problems or electrical noise from alternating current electrical appliances causing a 
50 Hz wavelength artifact in recordings. Some method of correction must be carried 
out to ensure that artifacts do not obscure the underlying EEG data. Trials containing 
artifacts can be manually disregarded following a visual inspection. Alternatively, 
principal component analysis (Berg & Scherg, 1994) or independent component 
analysis (Jung et al., 2000) techniques can be employed. These use mathematical 
algorithms to isolate the average EEG signal component responsible for a specific 
artifact (e.g. EOG or ECG artifacts), and subtract this component from the EEG 
signal to leave behind ‘clean’ data (Steven J. Luck, 2005).        
   
2.2.5 Event-related potentials (ERPs) 
 
 The term ‘event-related potential’ (ERP) can be defined as time-locked EEG 
activity detected at electrodes following the onset of a sensory stimulus (Lopes da 
Silva, 2005). ERP responses to specific stimuli or events between groups or 
conditions are often compared in order to quantitatively analyse EEG data (Lopes da 
Silva, 2005). ERP responses from a large number of trials are required for successful 
analysis (Lopes da Silva, 2005). A sufficient number of ERP waveforms can be time-
averaged to generate a robust mean waveform with positive and negative voltage 
deflections, referred to as components (Steven J. Luck, 2005). In cognitive 
neuroscience and psychophysiological research, ERP components are typically 
investigated using quantitative comparisons of latency or amplitude (Steven J. Luck, 
2005). Strengths of ERP analysis overlap with those of EEG itself, the key advantage 
being excellent temporal resolution. One disadvantage of the ERP method is the 
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large number of trials required for successful quantitative analysis. Further, there is a 
risk that ongoing spontaneous activity could be misinterpreted as event-related data 
(Lopes da Silva, 2005).  
 
2.2.6 ERP analysis using statistical parametric mapping (SPM) 
 
 In conventional ERP analysis, quantitative comparisons between 
experimental conditions are often performed on ERP components from individual 
electrodes during specific time windows that are predetermined by apriori 
hypotheses (Steven J. Luck, 2005). This conventional method may be adequate for 
research questions that have very specific hypotheses, or those investigating well 
established ERP components that have been isolated at certain electrodes in many 
previous studies, for example, the N170 component in face processing (Bentin, 
Allison, Puce, Perez, & McCarthy, 1996; Bentin & Deouell, 2000; Cauquil, 
Edmonds, & Taylor, 2000; Martin Eimer, 2000; Gauthier, Curran, Curby, & Collins, 
2003; Itier & Taylor, 2004; Rossion, Dricot, et al., 2000; Rossion, Gauthier, et al., 
2000). However, for more exploratory research questions in under-researched topics, 
there may not be enough evidence to justify analysing only one component at a 
single electrode. When there are no apriori hypotheses regarding when or where to 
look for an effect, statistical parametric mapping (SPM) may be a more appropriate 
tool for searching the whole brain across multiple time points for a given effect 
(Kiebel & Friston, 2004; Worsley, 2003). SPM is a mass univariate, voxel-based 
approach employing classical inference to interpret regionally specific responses to 
experimental factors in functional imaging (Friston, 2004; Friston et al., 1994). One 
analyses every voxel in the brain using any standard statistical test, and the resulting 
statistical parameters are assembled into an image, the statistical parametric map 
(Friston, 2004). Therefore, using SPM, EEG data from across all electrodes and time 
points during an epoch of interest can be investigated in a single model. In this way, 
a family of hypotheses can be tested without model refitting, and hypotheses that 
span multiple ERP components, or different parts of distinct ERP components can be 
tested. Hence, the SPM method facilitates a more exploratory approach to analysing 
spatiotemporal neuroimaging data (Kiebel & Friston, 2004). 
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 In SPM maps, the value at each voxel is a statistic that expresses evidence 
against a null hypothesis of no experimentally induced activation (Friston et al., 
1994). The SPM method therefore uses principles from Gaussian random field theory 
(Adler, 1981) to control for multiple comparisons. Further, degrees of freedom are 
adjusted for non-sphericity, which includes the variability in expression of ERPs 
over subjects and non-sphericity induced by experimental design (Kiebel & Friston, 
2004). Hence, SPM provides a robust control over Type I error, yet remains sensitive 
to detect truly significant results (Poline et al., 1997). SPM software analyses ERP 
data in a two-stage, hierarchical process: The first level involves modelling and 
standard estimation of ERP effects within subject and trial type, and describes the 
observation for multiple ERPs. The second level models first level parameters among 
trial types and subjects that contain differences or treatment effects elicited by 
experimental design, allowing classical inference (using t- or F-statistics) about such 
effects using contrast vectors that specify a null hypothesis (Kiebel & Friston, 2004). 
Kiebel and Friston (2004) showed that the two-stage hierarchical model implemented 
by SPM results in a test more stringent than, and at least as sensitive as a 
conventional model for analysing EEG. The studies discussed in the following 
chapters therefore used SPM as a novel and exploratory approach to analysing ERPs. 
   
2.3 Functional magnetic resonance imaging (fMRI) of the brain 
 
2.3.1 Introduction and physics of MRI 
 
 Magnetic resonance imaging (MRI) is a safe, non-invasive technique used to 
generate images of body tissues for both clinical and research purposes (Mandeville 
& Rosen, 2002). Images are created through measurement of signal created by the 
activity of protons, typically found in H+ hydrogen atoms (Mandeville & Rosen, 
2002; Narashiman & Jacobs, 2002; Schild, 1992). Water contains two protons per 
molecule and is abundant in living tissues. In particular, water accounts for three 
quarters of brain weight (Mandeville & Rosen, 2002; Narashiman & Jacobs, 2002), 
and thus MRI is often used to create high quality images of the brain in both clinical 
and experimental settings.  
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Hydrogen protons act as tiny magnets, spinning about their axis with a 
positive charge (Pooley, 2005; Schild, 1992). In an MRI scan, participants lie supine 
in the scanner, which consists of an electric current flowing through wires immersed 
in liquid helium in the loop of a large superconducting magnet, producing a strong 
magnetic field (typically 1.5 or 3 Tesla) (Pooley, 2005). Protons in brain tissues align 
to create a net magnetisation parallel to this magnetic field (B0), a process called 
longitudinal magnetisation (Hendee & Morgan, 1984; Pooley, 2005; Schild, 1992). 
Throughout the scan, radio frequency (RF) pulses are transmitted for short periods of 
time via a head coil fitted around the participants’ head. RF pulses are delivered at a 
specific frequency, known as the larmor frequency, selected to target only 
appropriate nuclei (hydrogen protons). This phenomenon is known as resonance 
(Schild, 1992). RF pulses transfer energy to the protons, knocking them out of 
alignment, and rotate the net magnetisation into the transverse plane (transverse 
magnetisation) (Pooley, 2005; Schild, 1992). When the RF pulse is switched off, 
protons immediately begin to re-align with the static magnetic field (longitudinal 
relaxation). The time taken for protons to return to a longitudinal net magnetisation is 
known as T1 (Hendee & Morgan, 1984; Pooley, 2005; Schild, 1992). The RF pulse 
also causes the protons in body or brain tissues to precess in phase. When the pulse is 
switched off, this state relaxes and the protons move out of phase, known as 
transverse relaxation. The time taken for transverse relaxation is known as T2 
(Pooley, 2005; Schild, 1992). T1 and T2 are independent processes that occur 
simultaneously; however, T2 can never exceed T1 (Hendee & Morgan, 1984; 
Pooley, 2005; Schild, 1992). Transverse magnetisation following the RF pulse 
induces an electrical current that is measured with a receiver coil inside the scanner, 
which is then digitised and recorded for later reconstruction of the MR signal 
(Hendee & Morgan, 1984; Pooley, 2005; Schild, 1992).    
Longitudinal and transverse relaxation rates are different for protons 
associated with different tissues in the brain and body. In the brain, white matter has 
a short T1 and T2, CSF has a long T1 and T2, and grey matter has an intermediate 
T1 and T2. These differences are the fundamental source of contrast in T1- and T2-
weighted MR images (Pooley, 2005; Schild, 1992). Imaging parameters can be 
manipulated to enhance the contrast between specific tissues, by altering the time to 
repeat (the time between RF pulses, TR) and the time to echo (the time between the 
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RF pulse and signal detection, TE). Short TR and TE result in T1-weighted images, 
where substances with a short T1, such as white matter, produce a stronger signal 
and appear brighter (Pooley, 2005; Schild, 1992). T1-weighted scans utilise superior 
spatial resolution and are typically used for high resolution structural imaging. 
Anatomical T1-weighted scans are routinely acquired in neuroimaging studies for 
clinical evaluation, and/or to accurately co-register findings from functional scans 
(Howarth, Hutton, & Deichmann, 2006). Conversely, long TR and TE produce T2-
weighted images, where substances with a long T2 (e.g. CSF) appear brighter 
(Mandeville & Rosen, 2002; Pooley, 2005). T2-weighted images can be used to 
obtain functional MR data (Mandeville & Rosen, 2002).     
 
2.3.2 Functional MRI and the blood-oxygen level dependent (BOLD) signal 
 
 In functional magnetic resonance imaging (fMRI), imaging parameters are 
manipulated to produce T2-weighted scans where the contrast is based on blood 
oxygenation, blood volume, or blood flow (Mandeville & Rosen, 2002). T2-
weighted scans favour the imaging of water, and water molecules behave differently 
in the vicinity of paramagnetic fields. Contrast agents with paramagnetic properties 
can therefore be used to evaluate blood flow or volume changes in T2 scans 
(Narashiman & Jacobs, 2002). Deoxyhaemoglobin acts as an endogenous 
paramagnetic contrast agent, and attenuates the MR signal (S.-G. Kim & Bandettini, 
2010; Mandeville & Rosen, 2002). Activation in brain structures due to task 
demands requires oxygen and glucose. This requirement results in increased cerebral 
blood flow that exceeds the cerebral metabolic oxygen utilisation rate, producing a 
surplus of oxygenated blood and a reduction in deoxyhaemoglobin (Fox & Raichle, 
1986). Heightened oxygenation therefore produces an increase in BOLD signal 
intensity (Mandeville & Rosen, 2002). Hence, fMRI measures brain function 
indirectly through the blood-oxygen level dependent (BOLD) signal, which reflects 
the surplus of oxygenated blood in a brain region and thus regional activation (S. G. 
Kim & Ogawa, 2012). Several studies have shown that activity indicated by the 
BOLD signal closely relates to measured neuronal activity (Attwell & Iadecola, 
2002; Ogawa et al., 2000; Rees, Friston, & Koch, 2000). However, one study using 
simultaneous fMRI and EEG recordings showed that BOLD signal correlated more 
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with local field potentials than with individual neuronal activity (Logothetis, Pauls, 
Augath, Trinath, & Oeltermann, 2001). How the BOLD signal relates to underlying 
neural activity is complex and still debated (Ekstrom, 2010).   
In a typical fMRI scan, the brain is scanned at a low spatial resolution to 
allow for a rapid rate of image acquisition (Mandeville & Rosen, 2002). Images are 
acquired in slices which contain a uniform grid of data points (Lindquist, 2008). 
Slices are either separated by gaps of a few millimetres, or collected in an interleaved 
fashion (e.g. all odd-numbered slices followed by all even-numbered slices) to 
prevent crosstalk between protons bordering the edges of slices, which would reduce 
contrast (Hornak, 1996; Lipton, 2010; McRobbie, Moore, Graves, & Prince, 2007). 
The spatial information required to identify the location of the MR signal produced 
in both structural T1-weighted scans and functional T2-weighted scans is acquired by 
applying further magnetic fields, known as gradients (Narashiman & Jacobs, 2002). 
The brain is modelled as a 3D space containing around 100,000 voxels, known as ‘k-
space’, defined by X, Y, and Z co-ordinates (Lindquist, 2008). Typically, in 3D 
imaging, slices are selectively excited in turn with a narrow slice selection gradient 
(Narashiman & Jacobs, 2002). Slice numbers are defined as the Y co-ordinate in k-
space. Following this, a ‘phase encoding’ gradient is applied, where the duration and 
magnitude of the gradient can be manipulated to cause phasing/dephasing of spins 
that can then be measured to provide spatial information about the signal location. 
The phase encoding gradient is oriented perpendicularly to the slice selection 
gradient, producing the X co-ordinate in k-space. Finally, a uniform ‘frequency 
encoding’ gradient that is also dependent on location is applied. Spatial information 
is then mapped onto a frequency scale, and frequency encoding produces the Z co-
ordinate (Narashiman & Jacobs, 2002). Hence, combinations of frequency encoding 
and phase encoding create 3D images in ‘k space’ (Narashiman & Jacobs, 2002). 
These are then reconstructed into brain images using complex algorithms such as the 
reverse Fourier transformation, which considers the intensity and location of signal 
in k-space using phase and frequency encoded data (Narashiman & Jacobs, 2002). 
Pulse sequences with specific combinations of RF frequency, gradient durations and 
magnitudes and frequency and phase encoding can be utilised to focus on specific 
aspects of an image (Narashiman & Jacobs, 2002). 
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In fMRI scans, the result of the above process is a 3D voxel map containing 
the BOLD signal intensity changes over time induced by a given task or stimulus 
(Lindquist, 2008). The BOLD response is convolved with the haemodynamic 
response function (HRF) to give regressors that are entered into the design matrix to 
produce statistical parametric maps with associated parameter estimates for each 
experimental condition over time (Friston, 2004). In this way, BOLD maps observed 
under varying experimental conditions can be compared and used to identify 
activations of cortical and subcortical brain areas induced by such conditions 
(Friston, 2004). 
 
2.4 Summary 
 
 The present thesis used an olfactometer to induce pleasant and unpleasant 
experimental odours in EEG and fMRI experiments. Given the excellent temporal 
resolution of EEG and the superior spatial resolution of fMRI, collecting data from 
both allowed for a more complete investigation of the effects of odours on 
perception, and the associated cortical activations. Both EEG and fMRI data were 
analysed using SPM. As discussed above, SPM is a relatively novel approach 
towards ERP analysis, and suited the exploratory nature of the studies in the present 
thesis.     
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Chapter 3 
 
Pleasant and unpleasant odours influence hedonic evaluations of 
human faces: an event-related potential study. 
 
This experiment investigated the effects of pleasant and unpleasant odours on 
evaluations of faces, using EEG. 
It is published in Frontiers in Human Neuroscience (2015), doi: 
10.3389/fnhum.2015.00661. The format and parts of the content have been altered to 
match the style of the thesis. 
The roles of the co-authors are summarised below: 
I designed the study in collaboration with Andrej Stancak and collected the data. 
Nicholas Fallon and Hazel Wright assisted with the data collection. Andrej Stancak 
and Nicholas Fallon provided training on the experimental set-up and data analysis. I 
analysed the data, interpreted the results, and wrote the manuscript. Nicholas Fallon, 
Hazel Wright, Anna Thomas, Timo Giesbrecht, Matt Field, and Andrej Stancak 
contributed useful comments while preparing the manuscript for publication. 
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3.1 Abstract 
 
Odours can alter hedonic evaluations of human faces, but the neural 
mechanisms of such effects are poorly understood. The present study aimed to 
analyse the neural underpinning of odour-induced changes in evaluations of human 
faces in an odour-priming paradigm, using event-related potentials (ERPs).  
Healthy, young participants (N = 20) rated neutral faces presented after a 
three second pulse of a pleasant odour (jasmine), unpleasant odour 
(methylmercaptan), or no-odour control (clean air).  
Neutral faces presented in the pleasant odour condition were rated more 
pleasant than the same faces presented in the no-odour control condition, which in 
turn were rated more pleasant than faces in the unpleasant odour condition. Analysis 
of face-related potentials revealed four clusters of electrodes significantly affected by 
odour condition at specific time points during long-latency epochs (600−950 ms). In 
the 620−640 ms interval, two scalp-time clusters showed greater negative potential in 
the right parietal electrodes in response to faces in the pleasant odour condition, 
compared to those in the no-odour and unpleasant odour conditions. At 926 ms, face-
related potentials showed greater positivity in response to faces in the pleasant and 
unpleasant odour conditions at the left and right lateral frontal-temporal electrodes, 
respectively.  
Our data shows that odour-induced shifts in evaluations of faces were 
associated with amplitude changes in the late (> 600 ms) and ultra-late (> 900 ms) 
latency epochs. The observed amplitude changes during the ultra-late epoch are 
consistent with a left/right hemisphere bias towards pleasant/unpleasant odour 
effects. Odours alter evaluations of human faces, even when there is a temporal lag 
between presentation of odours and faces. Our results provide an initial 
understanding of the neural mechanisms underlying effects of odours on hedonic 
evaluations. 
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3.2 Introduction  
 
A number of behavioural studies have investigated cross-modal effects of 
odours on evaluations of human faces (Dematte et al., 2007; Leppanen & Hietanen, 
2003; Li et al., 2007; McGlone et al., 2013; Seubert et al., 2014; Todrank et al., 
1995). In general, pleasant odours increased preferences for faces, with unpleasant 
odours having the opposite effect. The neural mechanisms that underlie such effects 
are not yet established. One study found that repeated pairing of emotionally neutral 
faces with pleasant and unpleasant odours resulted in conditioned shifts in face 
ratings (when presented subsequently, without odours), but failed to show any 
significant cortical changes related to conditioning (Herrmann et al., 2000). Another 
study paired pleasant and unpleasant odours with positively and negatively valenced 
facial expressions, demonstrating evaluative changes that occurred as a function of 
hedonic congruency between the odour prime and target face and increased late-
positive potential (LPP) amplitude for incongruent odour-face pairings (Bensafi, 
Pierson, et al., 2002). However, neural processes underlying immediate odour-
induced changes in evaluations of emotionally neutral faces, where evaluative 
congruency or conditioned pairing does not play a role, remain unknown.  
Most previous studies investigating effects of odours on immediate 
evaluations of faces used paradigms where the odour primes and target faces 
overlapped (Dematte et al., 2007; Leppanen & Hietanen, 2003; Seubert et al., 2014), 
or where target faces appeared at the offset of the odour prime (Bensafi, Pierson, et 
al., 2002). This complicates interpretation of the findings, because any shift in target 
evaluation could be attributable to affective responses to the odours themselves 
(Herring et al., 2013). It is important to establish whether or not odour-related 
evaluative shifts can survive after inserting a temporal lag between odour primes and 
target faces. This should ensure unbiased shifts in evaluative ratings that occur as a 
result of priming effects activated by the odour valences, which then carry over to the 
evaluation of the target face. 
The aim of the present study was to investigate the neural underpinning of 
odour-induced changes in immediate hedonic evaluations of neutral faces, by 
observing the influence of both pleasant and unpleasant odours on evaluations of 
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emotionally neutral male and female faces that were presented one second after 
odour offset. We used a novel and exploratory approach to analyse odour-induced 
modulations in the ERP response to faces. Based on the previous literature, we 
hypothesised that faces in the pleasant odour condition would be rated as most 
pleasant, faces in the unpleasant odour condition would be rated as least pleasant, 
and faces in the clean air condition would be rated in between the two. We also 
hypothesised that odour-induced change in the ERP response to faces would be 
reflected in the LPP. 
 
3.3 Methods and materials 
 
3.3.1 Participants  
 
A total of 23 (11 male) participants aged 18−36 years (mean ± standard 
deviation: 24.65 ± 4.35) were screened in a session prior to the experiment after 
responding to the study advertisement. All but four participants were right-handed. 
People suffering from asthma or neurological disorders, particularly anosmia or 
epilepsy, were not permitted to take part in the study. Normal olfactory function was 
ascertained using the Sniffin’Sticks (Hummel, Sekinger, Wolf, Pauli, & Kobal, 1997) 
test battery. Participants had to successfully identify a minimum of 9 out of the 12 
odours in order to take part in the experiment. The mean score on the Sniffin’Sticks 
odour identification task was 10.5 (± 1.5). Three people were excluded from 
participation at the screening stage after scoring below 9 on the Sniffin’Sticks task. 
Hence, a total of 20 participants (mean age: 25.15 ± 4.43) participated in the 
experiment. Participants were asked not to smoke, drink coffee or chew gum for two 
hours prior to the experiment, and were asked to minimise their use of fragranced 
products on the day. Participants were reimbursed for their time and travel expenses. 
The study was approved by the Research Ethics Committee at the University of 
Liverpool. All subjects gave written informed consent in accordance with the 
Declaration of Helsinki. 
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3.3.2 Visual and olfactory stimuli  
 
A total of 36 (18 male) neutral faces obtained from the NimStim Set of Facial 
Expressions (Tottenham et al., 2009) were used in the experiment. Out of the 18 
female faces, 9 were white/Caucasian, 5 were East-Asian, and 4 were Afro-
Caribbean. Out of the 18 male faces, 12 were white/Caucasian, 5 were afro-
Caribbean and 1 was East-Asian. Participants were gathered from a student 
population at the University of Liverpool, and were therefore a mixture of races and 
ethnicities with a white/Caucasian majority. Data on the race/ethnicity of participants 
was not recorded for ethical reasons. All face images were frontal views, in colour, 
with a consistent light background. All images measured 253 × 312 pixels. During 
the screening session, participants rated the perceived pleasantness of the facial 
expressions of all 36 faces (on a scale ranging from 0 – very unpleasant to 100 – very 
pleasant) in order to ensure that they were perceived as neutral. The mean face 
pleasantness rating was 47.80 (± 7.2). 
Odours were administered through two tubes approximately two centimetres 
away from the nostrils; using a custom-built, continuous airflow, computer-
controlled olfactometer with 8 channels (Dancer Design Ltd., UK). Odour pulses 
were embedded within a constant flow of clean air, in order to avoid effects of a 
sudden increase in airflow associated with presentation of an odour (Huart et al., 
2012). Airflow was kept constant at approximately 2.2 l/min.  
There were three odour conditions in the experiment; pleasant, unpleasant 
and a neutral control. Methylmercaptan (1% dilution in Propylene Glycol), a rotten 
smelling odour, was selected for the unpleasant condition. Jasmine odour (no 
dilution) was selected for the pleasant condition. These odours were from a small 
sample of odours recommended by Unilever; selected on the basis that they were not 
food-specific, and were quickly and accurately recognised as very pleasant and very 
unpleasant. A previous study showed that odours affect ratings of faces, regardless of 
whether or not the odours were body relevant (Dematte et al., 2007). Although 
Jasmine and Methylmercaptan compounds have no direct body relevance, Jasmine 
may have been more likely to influence evaluations of faces than other odours 
because it is commonly used in perfumes. However, most pleasant, non-food-specific 
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odours are likely found in perfumes. Moreover, although jasmine odour is typically 
perceived as pleasant by the majority of people, in its natural form, it may contain 
around 6% indole, a pure chemical which is usually perceived as unpleasant 
(Grabenhorst, Rolls, & Margot, 2011; Grabenhorst et al., 2007). However, the 
jasmine odour used in the present experiments contained just 0.024% indole, and 
moreover, previous studies showed that jasmine with and without indole were both 
rated as pleasant, and did not differ significantly in terms of pleasantness ratings 
(Grabenhorst et al., 2011; Grabenhorst et al., 2007). Hence, the chances of such a 
concentration of indole affecting the influence of the jasmine odour in the present 
experiments are slim to none. Odour dilutions were matched on perceived intensity 
based on data from a pilot study carried out on a separate sample prior to the 
experiment (N = 15). Odours were supplied by Symrise Ltd. (Netherlands). 
Propylene Glycol (1,2-Propanediol 99%, Sigma-Aldrich Ltd., UK) was used for 
dilution, the clean air control and constant flow.  
Both presentation of the visual task stimuli and triggering of the odour valves 
was accomplished using Cogent software for Matlab (MATLAB v. R2011a program, 
The MathWorks, Inc., USA). In between experimental blocks and sessions, a Blueair 
203 air purifier (Blueair Ltd., Sweden) was used to minimise any residual odour that 
may have carried into the next experimental block or session. 
 
3.3.3 Recordings 
 
EEG was recorded continuously using a 128-channel Geodesics EGI System 
(Electrical Geodesics, Inc., Eugene, Oregon, USA) with the sponge-based Geodesic 
Sensor Net. The sensor net was aligned with respect to three anatomical landmarks; 
two pre-auricular points and the nasion. Electrode-to-skin impedances were kept 
below 50 kΩ and at equal levels across all electrodes. The recording band-pass filter 
was 0.01−1000 Hz, and the sampling rate was 1000 Hz. Electrode Cz was used as the 
reference. 
Participants’ respiration and pulse rate were recorded continuously 
throughout the experiment with a piezoelectric respiratory belt transducer worn 
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around the chest at the level of the epigastrium, and a finger pulse oximeter 
transducer worn on the index finger of the left hand (ADInstruments Ltd., Oxford, 
UK). Signals were transduced and extracted using LabChart 7 (ADInstruments Ltd., 
Oxford, UK). 
 
3.3.4 Procedure 
 
After application of the EEG cap, participants were seated in a dimly lit, 
sound attenuated room with a 19 inch CRT monitor (60 Hz refresh rate) placed 0.7 m 
in front of them. First, the respiratory and pulse monitoring equipment was fitted 
onto participants and the signals were checked. Following this, the olfactometer head 
piece was fitted, and participants were given some instructions. The experimental 
session lasted around one hour in total, including baseline odour ratings and the 
experimental task. Ratings of odour pleasantness, intensity and familiarity were 
recorded before and after the task. Odours were administered individually, in a four-
second pulse manually triggered to coincide with the onset of inspiration. After each 
odour pulse, on-screen visual analogue scales prompted participants to rate the 
pleasantness (from 0 – very unpleasant to 100 – very pleasant), intensity (0 – no 
odour to 100 – very intense odour) and familiarity (0 – not familiar at all to 100 – 
extremely familiar) of the odour.  
The experimental task was split into three blocks of 36 trials. Trials were 
pseudo-randomly ordered, such that each of the 36 faces used in the task appeared 
only once in each block, and once with each odour. Odour presentation was also 
pseudo-random, such that all three odours were presented across all three blocks, but 
no two consecutive trials used the same odour. Figure 3.1 shows a flowchart of the 
trial procedure. Each trial began with a resting interval during which subjects viewed 
a white cross on a black background. Duration of this interval was dependent upon 
the triggering of the odour pulse; the experimenter observed participants’ respiratory 
waveforms, and manually triggered the odour pulses at the very onset of inspiration. 
A three second odour pulse was then released, during which participants viewed a 
black screen. The screen remained black for a further one second resting interval, 
before a neutral face was displayed on-screen for 300 ms. Following this, a 1700 ms 
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resting interval with a black screen preceded a rating scale prompting participants to 
rate the pleasantness of the neutral face (from 0 – very unpleasant to 100 – very 
pleasant). Once participants had responded, a second scale prompted them to rate the 
intensity of the odour administered in that trial (0 – no odour to 100 – very intense 
odour). After their response, the next trial began.     
 
Figure 3.1: Flowchart of experimental trial procedure. 
 
3.3.5 Behavioural analysis 
 
Ratings of odour pleasantness, intensity and familiarity were analysed using 3 
× 2 repeated measures ANOVAs. The independent variables were odour condition 
(clean air, methylmercaptan and jasmine), and time (before/after priming task). Data 
from the experimental task were analysed using one-way ANOVAs, observing 
differences in face pleasantness ratings and odour intensity ratings across the three 
odour conditions. Two-way ANOVAs were used to investigate effects of gender and 
experimental block on face pleasantness and odour intensity ratings. Significant main 
effects were investigated using pairwise comparisons; significant interactions were 
followed up with post-hoc t-tests. All behavioural data were analysed using SPSS v. 
22 software package (IBM Inc., USA).  
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3.3.6 ERP analysis 
 
EEG recordings were pre-processed using BESA v. 6.0 (MEGIS GmbH, 
Germany). Data were first referenced to a common average using common averaging 
method (Lehmann, 1987). The oculographic and, when necessary, 
electrocardiographic artifacts were removed by principal component analysis (Berg 
& Scherg, 1994). Data were visually inspected for the presence of any movement or 
muscle artifacts, and epochs contaminated with artifacts were excluded. The average 
numbers of accepted trials in each condition were as follows: clean air, 33.75 (± 
2.07); jasmine, 33.65 (± 1.75); methylmercaptan, 32.9 (± 1.68). The average number 
of trials accepted did not differ across conditions (P > 0.05).   
Data were band-pass filtered from 0.5−30 Hz and down-sampled to a rate of 
256 Hz, and exported from BESA into the SPM12 software package (Statistical 
Parametric Mapping, UCL, England; 
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/). Event-related potentials (ERPs) 
in response to neutral faces were computed separately for each odour condition by 
averaging respective epochs in the intervals ranging from 300 ms before photo onset 
to 1200 ms after photo onset. The baseline period ranged from -300 ms to 0 ms 
relative to the onset of the visual stimulus. Grand average waveforms were 
computed. 
Face processing spans over multiple ERP components (Bentin et al., 1996; 
Cacioppo, Crites, Berntson, & Coles, 1993; Duval, Moser, Huppert, & Simons, 2013; 
Hajcak, Dunning, & Foti, 2007; Hajcak, Moser, & Simons, 2006; Rossion & 
Jacques, 2011). Relatively subtle effects of odours on hedonic aspects of face 
perception would likely involve late potential components, such as the late-positive 
potential (LPP) known to operate in a long latency window from 600 ms to 2000 ms 
(Cacioppo et al., 1993; Cuthbert, Schupp, Bradley, Birbaumer, & Lang, 2000; Duval 
et al., 2013; Hajcak et al., 2007; Hajcak, MacNamara, & Olvet, 2010; Hajcak et al., 
2006; Hajcak & Olvet, 2008; MacNamara & Hajcak, 2010; Weinberg & Hajcak, 
2010). The late potential components do not show a distinct potential peak allowing 
for a traditional ERP analysis in which ERP data would be reduced to only a small 
number of components based on their peak latencies. Therefore, we applied an 
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omnibus analysis of effects of odours on ERPs involving all time points from 0 ms to 
1000 ms and all scalp sites, allowing us to explore effects of odours on ERPs without 
applying a priori knowledge of peak latencies. The Statistical Parametric Mapping 
(SPM) software combines advanced statistical models with robust control for Type I 
error (Poline, Holmes, Worsley, & Friston, 1997; Kiebel & Friston, 2004). In 
contrast to alternative approaches, such as permutation analysis of clusters of ERPs 
over the epoch time (Maris & Oostenveld, 2007), SPM applies the theory of random 
fields to the volumes of space-time data which allows to calculate the degrees of 
freedom in evaluation of statistical test results based on the spatial and temporal 
complexity of data (Worsley, 2003). 
The statistical analysis was performed in two steps. In the initial exploratory 
step, EEG data were converted into three-dimensional scalp-time images using SPM. 
The electrodes were mapped onto a standardised scalp grid sized 32 × 32 pixels 
(pixel size 4.25 × 5.3 mm2), representing the field potential planes stacked over the 
time axis. Images were smoothed with a Gaussian kernel of 9 × 9 × 20 mm² .ms (full 
width at half maximum). Data from over the whole epoch (385 time samples) and all 
standardised scalp points were screened for a statistically significant effect of odours 
using a one-way ANOVA for repeated measures. We applied a liberal, uncorrected 
threshold of P = 0.005 and a cluster size threshold of 20 contiguous space-time 
voxels to detect clusters significantly affected by odours. The amplitude data from 
these clusters were subsequently analysed using further one-way ANOVA for 
repeated measures in SPSS v. 22 (IBM Inc., USA). The statistical threshold of this 
confirmatory analysis was P = 0.05. 
 
3.3.7 Analysis of respiratory movements 
 
Respiratory signals were low-pass filtered and averaged separately for each 
of the three odour conditions, then analysed statistically using a one-way ANOVA in 
Matlab. The 10 s analysis window ranged from 3 s before to 7 s after onset of odour, 
with the interval 7100-8100 ms overlapping with the ERP analysis epoch. A 
permutation analysis with 2000 permutations was used to correct the P values. We 
used a one-way ANCOVA for repeated measures in BMDP 2V program (Biomedical 
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Data Package, Cork, Ireland) to analyse whether changes in respiratory movement 
patterns contributed to the effects of odours seen in ERP clusters. 
3.4 Results 
 
3.4.1 Odour ratings 
 
Table 3.1 shows the mean ratings of odour pleasantness, intensity and 
familiarity before (Time 1) and after (Time 2) the priming task. A repeated-measures 
ANOVA confirmed a significant main effect of odour type on pleasantness ratings 
across both time points (F(2,38) = 95.93, 2
p  (partial eta square) = 0.84, P < 0.001). 
Overall, jasmine was rated as most pleasant (76.20 ± 16.6), methylmercaptan as least 
pleasant (12.31 ± 15.37), and clean air was rated close to neutral (55.22 ± 10.78). 
Pairwise comparisons indicated that all three odours significantly differed from each 
other in terms of pleasantness (P < 0.001). There was no main effect of time 
(before/after task), or interaction between time and odour affecting pleasantness 
ratings (P > 0.05), suggesting that perceptions of odour pleasantness remained stable 
throughout the experiment. 
 
Table 3.1: Mean (± standard deviation) ratings of odour pleasantness, intensity and 
familiarity taken before and after the task. 
 
 Pleasantness Intensity Familiarity 
Time 1  Time 2 Time 1  Time 2 Time 1  Time 2  
Clean Air 54.07 (± 
8.16)  
56.36 (± 
13.23) 
13.02 (± 
19.5) 
2.27 (± 
3.8) 
80.72 (± 
23.53) 
84.95 (± 
17.94) 
Jasmine 74.7 (± 
13.15) 
77.72 (± 
20.05) 
62.8 (± 
16.27)  
74.31 (± 
15.91) 
63.82 (± 
24.61) 
72.25 (± 24.3) 
Methylmercapta
n 
13.5 (± 
14.12)  
11.13 (± 
17.19) 
84.95 (± 
8.4) 
83.21 (± 
15.44) 
52.3 (± 
29.5) 
61.8 (± 32.93) 
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A repeated-measures ANOVA revealed a significant main effect of odour on 
intensity ratings across both time points (F(2, 38) = 318.41, 2
p = 0.94, P < 0.001). 
Pairwise comparisons indicated that jasmine was perceived as significantly more 
intense (68.6 ± 16.71) than clean air (7.64 ± 14.7; P < 0.001). In spite of pilot data 
suggesting that the jasmine and methylmercaptan odours were matched for perceived 
intensity, pairwise comparisons showed that methylmercaptan was perceived as 
significantly more intense (84.08 ± 12.2) than both jasmine (P < 0.001) and clean air 
(P < 0.001) across both time points. There was no main effect of time on intensity 
ratings; however there was an interaction between time and odour affecting intensity 
ratings (F(2, 38) = 10.18, 2
p = 0.35, P < 0.001). Post-hoc t-tests were employed to 
further investigate this interaction. These confirmed that clean air was perceived as 
less intense at Time 2 (after the priming task) in comparison to Time 1 (before the 
priming task) (t(19) = 2.61, P = 0.02). Further, jasmine was perceived as more 
intense at Time 2 in comparison to Time 1 (t(19) = -2.83, P = 0.01). There was no 
significant difference in intensity ratings of methylmercaptan across time points (P > 
0.05).  
A repeated-measures ANOVA confirmed a significant main effect of odour 
on familiarity ratings across both time points (F(2, 38) = 7.91, 2
p = 0.29, P = 0.001). 
Pairwise comparisons indicated that clean air was rated as more familiar (82.83 ± 
20.51) than both jasmine (68.03 ± 24.20; P = 0.02), and methylmercaptan (57.04 ± 
30.82; P = 0.004). There was no difference in familiarity ratings of jasmine and 
methylmercaptan (P > 0.05), and there was no main effect of time, or interaction 
between time and odour affecting familiarity ratings (P > 0.05). 
 
3.4.2 Face and odour ratings during the experiment 
 
Table 3.2 shows the mean pleasantness ratings of faces under each odour 
condition. A one-way ANOVA revealed a significant effect of odour on pleasantness 
ratings of faces (F(2,38) = 13.41, 2p = 0.41, P < 0.001). Pairwise comparisons 
indicated that neutral faces were rated as more pleasant after presentation of the 
jasmine odour in comparison to faces in both the clean air (t(19) = 3, P = 0.007) and 
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methylmercaptan (t(19) = 4.16, P = 0.001) conditions; and faces in the 
methylmercaptan condition were rated as significantly less pleasant than those in the 
clean air condition (t(19) = -3.09, P = 0.006).  
 
Table 3.2: Mean (± standard deviation) pleasantness ratings of neutral face photographs and 
odour intensity ratings under three odour conditions during the experimental task. 
 Face rating Odour intensity rating 
Clean Air 53.19 (± 4.1) 5.6 (± 7.05) 
Jasmine 55.26 (± 4.3) 56.33 (± 15.83) 
Methylmercaptan 50.19 (± 3.92) 61.34 (± 17.68) 
We analysed whether odours affected pleasantness ratings of faces differently 
in male and female participants. A two-way mixed ANOVA (male vs. female 
participants, three odours) showed no significant effect of participant gender on face 
ratings (P > 0.05). Importantly, there was no significant interaction between odour 
and gender affecting face ratings (P > 0.05), and therefore data were analysed further 
without splitting them based on the gender factor. 
We also evaluated effects of experimental block on effects of odours on face 
pleasantness ratings. The statistical analysis consisted of two-way ANOVAs with 
three odours and three experimental blocks as independent variables. There was an 
interaction between odour and block affecting face pleasantness ratings (F(4,76) = 
4.95, 2p = 0.2, P = 0.003). Post-hoc one-way ANOVAs showed that in the pleasant 
odour condition, there was a significant effect of block (F(2,38) = 5.27, 2p = 0.22, P 
= 0.14), with pairwise comparisons indicating that faces presented in the pleasant 
odour condition were rated as more pleasant in block 2 of the experiment in 
comparison to both block 1 (P = 0.05) and block 3 (P = 0.001). In the unpleasant 
odour condition, the effect of block was statistically significant (F(2,38) = 6.15, 2p = 
0.25, P = 0.006). Pairwise comparisons indicated that faces presented in the 
unpleasant odour condition were rated as less pleasant in blocks 2 and 3 in 
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comparison to when they were presented in block 1 (P = 0.008 and P = 0.017, 
respectively). 
Table 3.2 also shows the mean odour intensity ratings for each odour 
condition. A one-way ANOVA revealed a significant effect of odour on intensity 
ratings (F(2, 38) = 180.74, 2
p = 0.91, P < 0.001). Pairwise comparisons indicated 
that both jasmine (t(19) = -15.51, P < 0.001) and methylmercaptan (t(19) = -14.34, P 
< 0.001) were rated as significantly more intense than clean air. There was no 
significant difference between intensity ratings of jasmine and methylmercaptan 
(t(19) = -2.08, P > 0.05). 
Odour intensity ratings also changed over the course of the experiment 
(F(2,38) = 11.62, 2
p = 0.38, P = 0.001). Pairwise comparisons indicated that all 
odours were rated as most intense during block 1 (mean ± SE 45.42 ± 2.16), and least 
intense during block 3 (37.44 ± 2.87). Odours in block 2 were rated in between the 
two (40.05 ± 2.91) (P < 0.05).  However, there was no significant interaction 
between odour and block affecting odour intensity ratings (P > 0.05). 
 
3.4.3 ERP components 
 
Figure 3.2 illustrates the event-related potentials in response to faces across 
all trials and all odour conditions in the form of a butterfly plot and topographic maps 
of selected potential components. Topography of the first component showed 
bilateral positivity over the occipital electrodes and negativity over frontal electrodes, 
peaking around 135 ms, consistent with characteristics of the P1 component − related 
to early processing of visual stimuli (Hopf, Vogel, Woodman, Heinze, & Luck, 
2002). Further, the second component, peaking around 175 ms, showed strong 
negativity over posterior parietal and temporal electrodes, consistent with 
characteristics of the N170 face-processing component (Bentin et al., 1996).  
The next component peaked around 250 ms, showing strong positivity over 
occipital/parietal electrode sites, consistent with the P300 component, which is 
involved in information-processing in attentional and memory mechanisms (Polich, 
2012). The fourth component was similar, peaking at approximately 430 ms and 
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showing negativity over centro-parietal electrode sites; consistent with the N400 
component, which is implicated in the processing of meaningful stimuli, including 
faces (Kutas & Federmeier, 2011).  
A further component was a long component beginning around 500 ms and 
peaking at approximately 570 ms. Showing negativity over occipital electrode sites 
and positivity over parietal areas, it had a similar topography to the N170 and was 
consistent with characteristics of the late positive potential (LPP) which is sensitive 
to the emotional content of pictures, words and faces (Cacioppo et al., 1993; 
Cuthbert et al., 2000; Hajcak et al., 2007; Hajcak et al., 2006). The final component 
was a second long-latency component, beginning around 650 ms and extending until 
1000 ms, it peaked around 810 ms and showed negativity over the right temporal-
parietal electrodes, and positivity over frontal electrodes. These two late components 
are comparable with the mid- and late-LPP components observed in a recent study 
investigating ERPs in response to faces (Duval et al., 2013). 
 
50 
 
  
Figure 3.2: Butterfly plot of grand 
average ERP responses to faces and 
corresponding scalp topographies. 
(A) Butterfly plot of grand average 
ERP responses to faces. Peak 
latencies of distinct ERP 
components (135 ms, 180 ms, 250 
ms, 430 ms, 570 ms, and 810 ms) 
are highlighted with arrows. (B) 
Latency component 135 ms (P1). 
The topographic maps of grand 
average ERPs overlaid on the 
volume rendering of the human head 
are shown. (C) Latency component 
180 ms (N170). (D) Latency 
component 250 ms (P300). (E) 
Latency component 430 ms (N400). 
(F) Latency component 570 ms (late 
component/LPP). (G) Latency 
component 810 ms (ultra-late 
component/LPP). 
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3.4.4 Effects of odours on ERPs 
 
SPM12 software was used to compute a one-way ANOVA on smoothed 
scalp-time images of data from 0−1000 ms relative to onset of the face. The one-way 
ANOVA revealed four scalp-time clusters that showed significant effects of odour. 
Amplitude data from each of these scalp-time clusters was then extracted, and further 
one-way ANOVAs were computed on the data using SPSS. Figure 3.3 illustrates 
these significant scalp-time clusters. The corresponding topographic maps from each 
odour condition for each significant cluster are shown with bar graphs showing the 
mean EEG scalp-amplitude (µV).  
At 621 ms and 633 ms following onset of the face photograph, there was a 
significant effect of odour in the right parietal electrodes. Given that the two clusters 
were within 20 ms of one another, it is likely that they reflect a similar process. In a 
preliminary analysis, we analysed the amplitude data from these two clusters in a 
two-way ANOVA, with odour and cluster as independent variables. There was no 
significant effect of cluster, or interaction between odour and cluster affecting 
amplitude (P > 0.05). Therefore, we chose to average the amplitude data from the 
two clusters. There was a significant effect of odour on the averaged amplitude data 
from clusters at 621 ms and 633 ms following onset of the face (F(2,38) = 7.89, 2p = 
0.29, P = 0.001). Pairwise comparisons indicated a significantly stronger negative 
amplitude for faces presented after administration of the jasmine odour in 
comparison to those in both the clean air (P = 0.01) and methylmercaptan (P = 0.001) 
conditions. There was no significant difference in amplitude between the clean air 
and methylmercaptan conditions (P > 0.05).  
At 926 ms following the onset of the face, there were two significant clusters; 
one in the left hemisphere (F(2,38) = 4.84, 2p = 0.2, P = 0.014), and one in the right 
hemisphere (F(2,38) = 4.72, 2p = 0.2, P = 0.026), both at lateral fronto-temporal 
electrode sites. Pairwise comparisons indicated that in the left hemisphere, the 
positive amplitude was significantly greater in the jasmine condition compared to the 
methylmercaptan condition (P = 0.003). Amplitude differences between the jasmine 
and clean air, and clean air and methylmercaptan conditions were non-significant (P 
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> 0.05). In the right hemisphere, there was significantly greater positive amplitude in 
the methylmercaptan condition in comparison to the jasmine condition (P = 0.009). 
The amplitude difference between the clean air and jasmine conditions was also 
significant (P = 0.02), but there was no significant difference in amplitude between 
the clean air and methylmercaptan conditions (P > 0.05).  
Pearson correlation analyses were computed with amplitude data from each 
significant scalp-time cluster (621 ms, 633 ms, and 926 ms – left and right 
hemisphere), baseline odour pleasantness and intensity ratings (taken before and after 
the task), face ratings throughout the task, and odour intensity ratings throughout the 
task, for both pleasant and unpleasant odour conditions. Table 3.3 shows Pearson’s r 
correlation coefficients and statistical values for bivariate correlations between 
amplitude data and subjective ratings. Of these correlations, one remained significant 
after applying Bonferroni-Šidák correction for multiple comparisons. Odour 
pleasantness ratings, and left hemisphere potential amplitude at 926 ms in the 
unpleasant odour condition were negatively correlated (r(20) = -0.62, P = 0.003). 
Baseline intensity ratings and left-hemisphere amplitude at 926 ms in the pleasant 
odour condition were positively correlated, but only borderline significant after 
Bonferroni-Šidák correction, (r(20) = 0.56, P = 0.01). No correlations between 
amplitude data and photo/odour ratings throughout the task reached significance (P > 
0.05). 
 
 
53 
 
Figure 3.3: One-way ANOVA showing the effects of the three odour conditions on ERP responses to 
faces. (A) The green panel shows statistically significant latency periods (uncorrected P < 0.005) in 
the scalp-time plot where F values represent the strength of variance between odour conditions over 
the horizontal axis of the scalp in every time sample from 0 ms and 1200 ms relative to the onset of 
the face photograph. The scalp values over the horizontal axis of the scalp are averages of F values 
occurring at each vertical point for a given horizontal point in the standardised scalp map (from -6.8 
cm to +6.8 cm). Two latency intervals showed the presence of statistically significant spatio-temporal 
clusters. In the interval 600−640 ms, two clusters numbered 1 and 2 showed a significant effect of 
odour condition. In the latency period 910−930 ms, clusters numbered 3 and 4 showed a significant 
effect of odour condition. Below the green panel is the standard scalp map of statistically significant 
clusters using ERPs. (B) Corresponding topographic maps of the numbered significant cluster 
latencies under each odour condition (Jas – jasmine, pleasant odour; Cla – clean air, control; Merc – 
methylmercaptan, unpleasant odour). White circles with a black outline pinpoint the location of the 
significant electrode clusters. Bar graphs below illustrate the mean EEG amplitude for each 
cluster/latency under each odour condition (µV). White bars represent the pleasant odour condition, 
grey bars represent the neutral control condition, and black bars represent the unpleasant odour 
condition.
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Table 3.3: Pearson correlations (r and P values) for amplitude data at each significant scalp-time cluster and baseline ratings of odour pleasantness and intensity, photograph 
ratings and odour intensity ratings throughout the task for both pleasant and unpleasant odour conditions. Correlation is significant at the P < 0.05 level (two-tailed) following 
Bonferroni- Šidák correction for multiple tests. 926 msa and 926 msb represent clusters at 926 ms in the left and right hemispheres, respectively. 
                                                                                                    Pleasant odour 
Cluster Baseline pleasantness Baseline intensity Photo rating Odour rating 
r P r P r P r P 
621 ms -0.22 0.36 0.05 0.84 0.35 0.13 -0.34 0.14 
633 ms -0.42 0.86 0.11 0.64 0.02 0.93 0.06 0.81 
926 msa 0.39 0.08 0.56 0.01* -0.28 0.23 -0.05 0.84 
926 msb -0.41 0.07 -0.13 0.59 0.23 0.34 0.06 0.79 
Unpleasant odour 
Cluster Baseline pleasantness Baseline intensity Photo rating Odour rating 
r P r P r P r P 
621 ms -0.11 0.65 -0.01 0.99 -0.15 0.52 -0.83 0.73 
633 ms -0.12 0.61 0.07 0.76 -0.19 0.42 -0.01 0.99 
926 msa -0.62 0.003** 0.11 0.65 0.35 0.13 -0.04 0.86 
926 msb 0.19 0.41 -0.09 0.68 -0.05 0.85 -0.22 0.35 
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3.4.5 Analysis of respiratory movements 
 
Figure 3.4 shows averaged respiratory waveforms for each odour condition in 
a 10 second interval, beginning three seconds prior to odour onset. Odours 
significantly affected respiratory movements in two intervals, one 5000−5800 ms, 
and another 7100−8100 ms. The latter interval overlapped with the period in which 
ERPs were recorded and analysed. In both intervals showing a statistically 
significant effect of odours, the respiratory movements in the clean air condition 
differed from both pleasant and unpleasant odour conditions. However, a one-way 
ANCOVA for repeated measures showed that there were no statistically significant 
covariate effects of respiratory movements on ERP data from any of the four clusters 
(621 ms, 633 ms, 926 ms, left and right hemisphere) (P > 0.05). Therefore, it is 
unlikely that differences in respiratory movements affected odour-related ERP 
changes. 
 
Figure 3.4: Average respiratory waveforms for each odour condition. Respiratory movement signals 
from every subject across all trials were averaged over a period of 10 seconds, beginning 3 seconds 
prior to odour onset. Time 3 represents odour onset, time 7 represents onset of the visual face 
stimulus. The blue line represents clean air trials (denoted as ‘cla’), the red line represents pleasant 
odour trials (‘jas’) and the green line represents unpleasant odour trials (‘merc’). Two grey rectangles 
indicate time intervals in which the three respiratory movement signals differed significantly 
according to a one-way ANOVA for repeated measures (P < 0.05). Upwards deflection of respiratory 
signals corresponds to inspiration. 
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3.5 Discussion 
 
Our study was the first to investigate effects of pleasant and unpleasant 
odours on evaluations of neutral male and female faces using a novel approach to 
ERP analysis. We analysed ERP data from all electrodes across all time points 
relative to onset of the faces, to begin to provide an understanding of the processes 
that might underlie odour-related evaluative shifts during face perception. 
Behavioural data revealed the predicted effects of odours on face ratings: Neutral 
faces preceded by a pleasant odour prime were rated as most pleasant, whereas those 
preceded by an unpleasant odour prime were rated as least pleasant. Faces presented 
in the clean air control condition were rated in between the two. ERP data revealed 
that odours modulated amplitudes of late and ultra-late event-related potential 
components from 600 to 950 ms. Topographic maps showed greater negativity in the 
right posterior- and temporal-parietal electrodes in response to faces in the pleasant 
odour condition in clusters at 621 ms and 633 ms. At 926 ms, topographies indicated 
greater positivity in response to faces in the pleasant and unpleasant odour conditions 
in the left and right lateral fronto-temporal electrodes, respectively.   
The behavioural data are consistent with previous findings that odours shift 
hedonic evaluations of faces (Dematte et al., 2007; Herrmann et al., 2000; Leppanen 
& Hietanen, 2003; Li et al., 2007; McGlone et al., 2013; Seubert et al., 2014; 
Todrank et al., 1995). The inclusion of a one-second interval between odour offset 
and face onset was also important in the present study. Our results suggest that shifts 
in face-evaluations were genuine priming effects evoked by the valence of the odours 
that carried over to the face evaluation phase, as opposed to affective responses to 
odours themselves.  
Changes in ERP response to faces that occurred as a function of odour 
condition transpired during the late (> 600 ms) and ultra-late (> 900 ms) latency 
epochs. Indeed, the late positive potential (LPP) is known to be sensitive to pleasant 
and unpleasant stimuli (Cacioppo et al., 1993; Cuthbert et al., 2000; Duval et al., 
2013; Hajcak et al., 2007; Hajcak et al., 2006; Weinberg & Hajcak, 2010). In 
evaluative priming studies, the LPP component has typically been implicated in 
congruency effects (Herring et al., 2011). In one ERP study using pleasant odours 
and faces with pleasant and unpleasant expressions, Bensafi, Pierson, et al. (2002) 
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showed increased LPP amplitude for unpleasant faces preceded by pleasant odour 
primes, presumably due to the evaluative incongruence between the two. These 
findings provided initial evidence that the LPP reflects evaluative processes in a 
cross-modal sense, where olfactory stimuli influence processing of visual stimuli. 
Our results provide further evidence that cross-modal effects of odours on 
evaluations of faces may be reflected in late ERP components.  
Significant changes in late ERP components observed in the present study 
included increased negativity in the right posterior- and temporal-parietal electrodes 
in the pleasant odour condition at 621 ms and 633 ms after face onset. This latency 
window corresponds with the mid-LPP observed in a recent study investigating ERPs 
in response to faces, where the authors suggested that this component is sensitive to 
the emotional content of faces (Duval et al., 2013). Since our study was the first to 
investigate effects of briefly presented pleasant and unpleasant odour-primes on 
ERPs in response to faces, the present findings are novel. However, Aguado, 
Dieguez-Risco, Mendez-Bertolo, Pozo, and Hinojosa (2013) showed that positive 
targets elicited enhanced amplitudes relative to negative targets at parietal-occipital, 
fronto-central, and left temporal regions during the LPP. Further, Herrmann et al. 
(2000) showed that appetitive conditioning with a pleasant odour elicited a stronger 
LPP (400−600 ms) relative to a no odour control. Taken together, these findings 
suggest that effects of positively-valenced stimuli may take precedence during late 
potential components, resulting in increased ERP amplitude. In the case of the 
present study, effects of the pleasant odour appeared to take hold during the late 
potential period, increasing ERP amplitude and corresponding with increased 
hedonic ratings of neutral faces. The larger LPP for faces preceded by pleasant 
odours may reflect the general influence of pleasant odours on evaluations of neutral 
stimuli. This furthers our understanding of the processes underlying odour-related 
evaluative shifts, and may have wider implications for understanding the neural basis 
of pleasant odour and cleanliness perception in both evolutionary and commercial 
contexts.  
Significant effects of odour were also observed at 926 ms after face-onset, 
corresponding with the late-LPP observed in another study that investigated ERP 
response to faces (Duval et al., 2013). Results showed increased activation over 
lateral frontal-temporal electrodes in response to faces presented after a 
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pleasant/unpleasant odour prime, in the left/right hemispheres, respectively. These 
findings support existing theories associating left hemisphere activity with 
processing of pleasant sensory stimuli, and right hemisphere activity with processing 
of unpleasant sensory stimuli (Ahern & Schwartz, 1985; Canli, Desmond, Zhao, 
Glover, & Gabrieli, 1998; Davidson, 1998; Lane et al., 1997; Lang et al., 1998; 
Mandal, Tandon, & Asthana, 1991; Tucker, 1981). Hemispheric specialization of 
positive and negative affect has rarely been investigated in the field of olfaction 
specifically. However, the current finding corresponds with data showing that 
smelling pleasant and unpleasant odours increased activation in the left and right 
hemispheres, respectively (Henkin & Levy, 2001). The results also lend support for 
the suggestion that the right hemisphere is more efficient in decoding unpleasant 
affects induced by odours (Bensafi, Rouby, Farget, Bertrand, et al., 2002), providing 
evidence that lateralization of valence processing applies to odours as well.  
There was one significant and one marginally significant correlation between 
potential-amplitude data and baseline pleasantness ratings (taken before and after the 
task) at 926 ms. These suggested that participants who rated methylmercaptan as 
most unpleasant at baseline, showed greater activation in the left hemisphere during 
the late component in response to faces presented under that odour condition. 
Participants who perceived jasmine as more intense at baseline showed greater 
positive activation in the left hemisphere during the late component. However, 
correlations occurred with baseline ratings and during a long-latency component 
where there may have been a significant amount of variance. Therefore, 
interpretation of such correlations should be treated with caution. The lack of 
correlation between amplitudes and odour and face ratings suggests that strength of 
potentials may not precisely relate to odour-induced changes in hedonic ratings. 
Rather, a more general mechanism might be responsible for such effects. 
One of the limitations of the present study was that, owing to a comparatively 
small number of face stimuli in each odour condition, effects of habituation on 
odour-induced changes in hedonic evaluation of faces remained unexplored. This 
effect was likely in the present study, as the interaction effects between experimental 
block and odours on face pleasantness ratings, and effect of block on odour intensity 
ratings pointed to a gradual decrease of hedonic effects of odours, especially in the 
unpleasant odour condition. Future studies involving single-trial analysis of ERPs, 
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and incorporating time as an independent variable in statistical analysis should 
address this issue.  
Another issue that remained unexplored in the present study was that of 
potential carry-over effects of odours from one trial to the next. Effects of any 
residual odour carrying over into the next trial were unlikely, given the long inter-
stimulus intervals and constant flow of clean air flushing out the odour tubes. 
However, previous research showed that the pleasantness of odours was influenced 
by the pleasantness of a preceding odour, as indicated by binary choices (Rolls et al., 
2010) and subjective ratings (Grabenhorst & Rolls, 2009). In particular, pleasant 
odours preceded by a less pleasant odour were rated as more pleasant, and unpleasant 
odours preceded by a pleasant odour were rated as less pleasant. Such studies 
showed that the absolute and relative value of odours was represented in separate 
brain regions. In the present study, the priming effect of an unpleasant odour may 
have been greater in a trial preceded by a pleasant odour trial, due to the relative 
unpleasantness of the unpleasant odour compared to the preceding pleasant odour. 
Single-trial analysis of the present data could be employed to investigate whether the 
effects of odours on subjective ratings of faces or face-ERPs were modulated by the 
odour in the preceding trial. However, such analysis was beyond the scope of the 
present study, and these effects are unlikely given the long intervals between odour 
presentations. 
 The validity of different types of subjective rating scales; including category 
scales, line scales and magnitude estimation has been heavily debated, each having 
their advantages and disadvantages (Lawless & Malone, 1986; Lim, 2011). The 
vertical scaling from 0 to 100 on the scales used in the present study was an 
appropriate tool to measure subtle effects of odours that very slightly modulated 
evaluations of faces. For instance, given that the faces were all neutral, a category 
scale may not have been sensitive enough to pick up the small differences in ratings 
of faces induced by pleasant and unpleasant odours. Indeed, the differences observed 
between odour conditions were relatively small, but they were statistically 
significant. We argue that these small, but statistically significant differences provide 
evidence against experimenter bias. Rather than participants drastically changing 
their ratings of faces according to the odour context, odours provided a very subtle 
manipulation of subjective face ratings.  
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In summary, the present study used an exploratory ERP analysis to allow for 
the first investigation of the neural mechanisms underlying odour-induced changes in 
evaluations of faces. Results showed that effects of odours on face perception were 
reflected in late- and ultra-late ERP components. Results suggest that effects of 
pleasant odours on face evaluation were specific to the late component. During the 
ultra-late component, effects of pleasant and unpleasant odours were distinguished in 
the left and right hemispheres, respectively. Further, our findings show that odours 
can alter hedonic evaluations of faces even when there is a slight temporal lag 
between presentation of odours and faces. Neutral faces presented after 
administration of a pleasant odour were rated significantly more pleasant than the 
same faces presented after administration of an unpleasant odour or clean air. It is 
likely that any positive or negative affect induced by previous pleasant or unpleasant 
odour stimulation carried over into the face evaluation phase.   
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Chapter 4 
 
Effects of stimulus onset asynchrony on odour induced hedonic 
evaluations of faces: an event-related potential study. 
 
This experiment investigated the effects of pleasant and unpleasant odours on 
evaluations of faces and face ERPs using two different stimulus onset asynchronies. 
It is currently under review for European Journal of Neuroscience.  
The roles of the co-authors are summarised below: 
I designed the study in collaboration with Andrej Stancak and collected the data. 
Katerina Kokmotou, Vicente Soto, Hazel Wright and Nicholas Fallon assisted with 
the data collection. Andrej Stancak and Nicholas Fallon provided training during the 
data analysis. I analysed the data, interpreted the results, and wrote the manuscript. 
Katerina Kokmotou, Vicente Soto, Hazel Wright, Nicholas Fallon, Anna Thomas, 
Timo Giesbrecht, Matt Field and Andrej Stancak all provided useful comments 
whilst preparing the manuscript for publication. 
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4.1 Abstract 
 
Odours alter evaluations of concurrently presented visual stimuli, such as 
faces. Stimulus onset asynchrony (SOA) refers to the temporal association between 
prime and target stimuli, and is known to affect evaluative priming in various 
sensory modalities. However, effects of SOA on odour priming of visual stimuli are 
not known. The present study aimed to analyse whether subjective and cortical 
activation changes during odour priming would vary as a function of SOA between 
odours and faces. 
Twenty-eight participants rated faces under pleasant, unpleasant, and no-
odour conditions using visual analogue scales. In half of trials, faces appeared one-
second after odour offset (SOA 1). In the other half of trials, faces appeared during 
the odour pulse (SOA 2). EEG was recorded continuously using a 128-channel 
system, and event-related potentials (ERPs) to face stimuli were evaluated using 
statistical parametric mapping.  
Faces presented during unpleasant-odour stimulation were rated significantly 
less pleasant than the same faces presented one-second after offset of the unpleasant 
odour. Activation clusters in the late-positive-potential (LPP) were stronger for faces 
presented simultaneously with the unpleasant odour compared to the same faces 
presented after odour offset. Face pictures presented after an unpleasant odour were 
also associated with changes in the respiratory pattern, and these changes were 
related to the cortical activation changes in the LPP period. 
A greater cortical and subjective response during simultaneous presentation 
of faces and unpleasant odour may have an adaptive role, allowing for a prompt and 
focused behavioural reaction to a concurrent stimulus if an aversive odour would 
signal danger. 
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4.2 Introduction 
 
Previous studies have shown that pleasant and unpleasant odours influence 
evaluations of human faces (Bensafi, Pierson, et al., 2002; Cook et al., 2015; 
Dematte et al., 2007; Leppanen & Hietanen, 2003; Li et al., 2007; McGlone et al., 
2013; Seubert et al., 2014; Todrank et al., 1995). However, the neural mechanisms 
that underlie such effects are not well established. Functional magnetic resonance 
imaging (fMRI) data suggested that faces paired with pleasant fragrance activated the 
medial orbitofrontal cortex, implicated in encoding the reward value of stimuli; 
whilst faces paired with unpleasant odour activated the amygdala, known to be 
involved in the processing of aversive stimuli (McGlone et al., 2013). ERP data 
revealed that late ERPs evoked by faces were modulated by the presence of pleasant 
and unpleasant odours (Bensafi, Pierson, et al., 2002; Cook et al., 2015).  
The strength of odour priming, manifesting in changes of hedonic evaluations 
of concurrently presented visual stimuli and in associated brain activation patterns, is 
likely affected by the temporal association between the prime (odour) and the target 
(visual stimulus), known as stimulus onset asynchrony. Studies investigating 
affective priming using words and pictures suggest that the stimulus onset 
asynchrony between prime and target stimuli is of importance (De Houwer, 1998; D. 
D. H. Hermans, J. Eelen, P., 2001). A recent meta-analysis of evaluative priming 
pointed to SOA as a factor influencing the strength of priming across verbal and non-
verbal stimuli (Herring et al., 2013). The authors showed that SOA effects manifest 
in a decreased change of hedonic evaluation of targets with long, compared to short 
intervals between the prime and target.  
The effects of SOA on odour priming are not known. Most previous studies 
investigating effects of odours on immediate evaluations of faces used paradigms 
where the odour primes and target faces overlapped (Dematte et al., 2007; Leppanen 
& Hietanen, 2003; Seubert et al., 2014), or where target faces appeared at the offset 
of the odour prime (Bensafi, Pierson, et al., 2002), or one second after offset (Cook 
et al., 2015; Seubert et al., 2010). However, it is not known whether there are 
differences in effects of odours on hedonic evaluations of faces, either behaviourally 
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or reflected in ERPs, when faces are presented during odour stimulation compared to 
when they are presented after odour offset.  
The aim of the present study was to investigate the effects of pleasant and 
unpleasant odours on evaluations of neutral male and female faces presented during 
odour stimulation and after odour offset. In line with previous findings of SOA 
effects on the strength of evaluative priming (Herring et al., 2013), we hypothesised 
that odour-induced changes in evaluations of faces and the long-latency components 
of ERPs would be stronger when faces appeared during the odour pulse compared to 
when they were presented one second after odour offset.  
 
4.3 Methods and Materials 
 
4.3.1 Participants 
 
A total of 29 (10 male) participants aged 18−31 years (23.6 ± 3.8, mean ± 
standard deviation) took part in the experiment after responding to an advertisement. 
All but four participants were right-handed. One participant withdrew from the 
experiment. EEG data from two participants were subsequently excluded due to 
excessive amounts of artifacts. Hence, behavioural data from 28 subjects, and EEG 
data from 26 (10 male) subjects were used in the analysis. People suffering from 
asthma or neurological disorders, particularly anosmia or epilepsy, were not 
permitted to take part in the study. Normal olfactory function was ascertained using 
the Sniffin’Sticks (Hummel et al., 1997) test battery. Participants had to successfully 
identify a minimum of 9 out of the 12 odours in order to take part in the experiment. 
Participants were asked not to smoke, drink coffee or chew gum for two hours prior 
to the experiment, and were asked to minimise their use of fragranced products on 
the day. Participants were reimbursed for their time and travel expenses. The study 
was approved by the Research Ethics Committee at the University of Liverpool. All 
participants gave written informed consent in accordance with the Declaration of 
Helsinki. 
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4.3.2 Visual and olfactory stimuli 
 
A total of 90 (45 male) neutral faces were used in the experiment. Due to the 
large number of faces needed to satisfy the number of trials required per condition, 
faces were selected from three databases. Forty-two (24 male) faces were obtained 
from the NimStim Set of Facial Expressions (Tottenham et al., 2009). Forty-three (21 
male) faces were obtained from the Japanese and Caucasian Neutral Faces 
(JACNeuf; Matsumoto & Ekman, 1988). A further five female faces were selected 
from the Gur/Kohler images, acquired according to Gur et al. (2002) and 
referenced in Kohler et al. (2003). All face images were frontal views, in colour, 
with a consistent light background and similar dimensions. During the screening 
session, participants rated the perceived pleasantness of the facial expressions of all 
90 faces (on a scale ranging from 0 – very unpleasant to 100 – very pleasant) in order 
to ensure that they were perceived as neutral. The mean face pleasantness rating was 
50.3 (± 8.4). 
Odours were administered through two tubes approximately two centimetres 
away from the nostrils; using a custom-built, continuous airflow, computer-
controlled olfactometer with 8 channels (Dancer Design Ltd., UK). Odour pulses 
were embedded within a constant flow of clean air, in order to avoid any effects of a 
sudden increase in airflow associated with presentation of an odour (Huart et al., 
2012). Airflow was kept constant at 2.5 l/min.  
There were three odour conditions in the experiment; pleasant, unpleasant 
and a neutral, ‘clean air’ control. Methylmercaptan (1% dilution in Propylene 
Glycol), a rotten cabbage-like odour, was selected for the unpleasant condition. 
Jasmine odour (no dilution) was selected for the pleasant condition. These dilutions 
were matched on perceived intensity based on data from a previous experiment 
(Mean intensity rating of Jasmine: 56.33 ± 15.83, mean intensity rating of 
Methylmercaptan: 61.34 ± 17.68; Cook et al., 2015). Odours were supplied by 
Symrise Ltd. (Netherlands). Propylene Glycol (1,2-Propanediol 99%, Sigma-Aldrich 
Ltd., UK) was used for dilution, the clean air control and constant flow.  
Both presentation of the experimental task stimuli and triggering of the odour 
valves were achieved using the Cogent v. 1.32 program (Wellcome Department of 
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Imaging Neuroscience, United Kingdom) running in Matlab v. R2011a (The 
MathWorks, Inc., USA). In between experimental blocks and sessions, a Blueair 203 
air purifier (Blueair Ltd., Sweden) was used to minimise any residual odour that may 
have carried into the next experimental block or session. 
 
4.3.3 Recordings 
 
EEG was recorded continuously using a 128-channel Geodesics EGI System 
(Electrical Geodesics, Inc., Eugene, Oregon, USA) with the sponge-based Geodesic 
Sensor Net. The sensor net was aligned with respect to three anatomical landmarks; 
two pre-auricular points and the nasion. Electrode-to-skin impedances were kept 
below 50 kΩ and at equal levels across all electrodes. The recording band-pass filter 
was 0.01−1000 Hz, and the sampling rate was 1000 Hz. The electrode Cz was used 
as the reference. 
Participants’ respiratory movements and pulse pressure were recorded 
continuously throughout the experiment with a piezoelectric respiratory belt 
transducer worn around the chest at the level of the epigastrium, and a finger pulse 
oximeter transducer worn on the index finger of the left hand (ADInstruments Ltd., 
Oxford, UK). Signals were transduced and extracted using LabChart 7 
(ADInstruments Ltd., Oxford, UK). 
 
4.3.4 Procedure 
 
After application of the EEG net, participants were seated in a dimly lit, 
sound attenuated room facing a 19 inch LCD monitor (60 Hz refresh rate) placed 
approximately 0.7 m in front of them. First, the respiratory belt and pulse pressure 
sensor were fitted onto participants and the signals were checked. Following this, the 
olfactometer head piece was fitted, and participants were given instructions. The 
experimental session lasted around 1.5 hours in total, including baseline odour 
ratings and the experimental task. Ratings of odour pleasantness, intensity, and 
familiarity were recorded before and after the task. Each odour was administered 
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individually, in a four-second pulse manually triggered to coincide with the onset of 
inspiration. After each odour pulse, on-screen visual analogue scales prompted 
participants to rate the pleasantness (from 0 – very unpleasant to 100 – very 
pleasant), intensity (0 – no odour to 100 – very intense odour) and familiarity (0 – 
not familiar at all to 100 – extremely familiar) of the odour.  
The experimental task was split into four blocks of 45 trials (180 trials in 
total). Trials were pseudo-randomly ordered such that each of the 90 faces used in 
the task appeared twice: once under each SOA condition, with the same odour both 
times. Any given face never appeared more than once in one block. Odour 
presentation was also pseudo-random, such that all three odours were presented 
across all four blocks, but no two consecutive trials used the same odour. Figure 4.1 
shows a flowchart of the trial procedure. Each trial began with a resting interval 
during which participants viewed a white cross on a black background. The duration 
of this interval was dependent upon the triggering of the odour pulse; the 
experimenter observed participants’ respiratory waveforms, and manually triggered 
the odour pulses at the very onset of inspiration. In half of the trials, a three-second 
odour pulse was released, during which time participants viewed a black screen. The 
screen remained black for a further one-second resting interval after odour offset, 
before a neutral face was displayed on-screen for 300 ms (SOA 1). The other half of 
the trials were identical, apart from that the neutral face was displayed on-screen 
during the three-second odour pulse, at 2000 ms after odour onset (SOA 2). In both 
conditions, a resting interval with a black screen then preceded a rating scale 
prompting participants to rate the pleasantness of the neutral face (from 0 – very 
unpleasant to 100 – very pleasant). Once participants had responded, a second scale 
prompted them to rate the intensity of the odour administered in that trial (0 – no 
odour to 100 – very intense odour). After their response, the next trial began.     
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Figure 4.1: Flowchart of experimental trial procedure.  
 
4.3.5 Behavioural analysis 
 
Ratings of odour pleasantness, intensity and familiarity taken before and after 
the experimental task were collapsed and analysed using paired t-tests. Data from the 
experimental task were analysed using 2 × 3 repeated measures ANOVAs, observing 
differences in face pleasantness ratings and odour intensity ratings with odour 
condition (pleasant, unpleasant, and neutral) and SOA as the independent variables. 
Significant main effects were investigated using pairwise comparisons; significant 
interactions were followed up with post-hoc t-tests, using Bonferroni correction for 
multiple comparisons. P values in all ANOVA effects were adjusted using the 
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Greenhouse-Geisser method. All behavioural data was analysed using SPSS v. 22 
software package (IBM Inc., USA). 
 
4.3.6 ERP analysis 
 
EEG recordings were pre-processed using BESA v. 6.0 (MEGIS GmbH, 
Germany). Data were first referenced to a common average using the common 
averaging method (Lehmann, 1987). The oculographic and, when necessary, 
electrocardiographic artifacts were removed by principal component analysis (Berg 
and Scherg, 1994). Data were visually inspected for the presence of any movement 
or muscle artifacts, and trials contaminated with artifacts were excluded. The mean 
number of accepted trials across all subjects and all conditions was 160 (SD = 17.5). 
Participants were excluded from the analysis if the number of trials accepted was less 
than 125 (2 standard deviations from the mean).  
Data were band-pass filtered from 2−35 Hz and down-sampled to a rate of 
256 Hz, and exported from BESA into the SPM12 software package (Statistical 
Parametric Mapping, UCL, England; 
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/). Event-related potentials (ERPs) 
in response to neutral faces were computed separately for each odour and SOA 
condition by averaging respective epochs in the intervals ranging from 300 ms before 
photo onset to 1000 ms after photo onset. The baseline period ranged from -300 ms 
to 0 ms relative to the onset of the visual stimulus.  
We applied an omnibus analysis of the effects of odours on ERPs involving 
all time points from 0 ms to 1000 ms and all scalp sites, allowing us to explore the 
effects of odours on ERPs without applying a priori knowledge of peak latencies. 
The SPM12 toolbox combines advanced statistical models with robust control for 
Type I error (Poline et al., 1997; Kiebel & Friston, 2004). In contrast to alternative 
approaches, such as permutation analysis of clusters of ERPs over the epoch time 
(Maris & Oostenveld, 2007), SPM applies the theory of random fields to volumes of 
space-time data. This allows for calculation of the degrees of freedom in the 
evaluation of statistical test results based on the spatial and temporal complexity of 
data (Worsley, 2003). 
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The statistical analysis was performed in two steps. In the initial exploratory 
step, EEG data were converted into three-dimensional scalp-time images using SPM. 
The electrodes were mapped onto a standardised scalp grid sized 32 × 32 pixels 
(pixel size 4.25 × 5.3 mm2), representing the field potential planes stacked over the 
time axis. Images were smoothed with a Gaussian kernel of 9 × 9 × 20 mm² .ms (full 
width at half maximum). Data from over the whole epoch (385 time samples) and all 
standardised scalp points were screened for statistically significant effects of odours 
and SOA using a flexible factorial ANOVA for repeated measures. The flexible 
factorial model in SPM allows for the inclusion of the subject factor as an 
independent variable. We applied an uncorrected threshold of P < 0.001, and a 
cluster size threshold of 20 contiguous space-time voxels to detect clusters affected 
by odours and SOA. The amplitude data from these clusters were subsequently 
analysed using further repeated measures ANOVAs in SPSS v. 22 (IBM Inc., USA). 
The statistical threshold of this confirmatory analysis was P < 0.05. 
  
4.3.7 Analysis of respiratory movements 
 
 Respiratory movement signals were low-pass filtered, and averaged 
separately for each of the six conditions in the epoch of interest, then analysed 
statistically using a 2 × 3 repeated measures ANOVA (2 SOAs, 3 odours). The 7 s 
analysis epoch ranged from odour onset (t = 0 s) to 7 s after odour onset. Therefore, 
the intervals 2–3 s and 4–5 s coincided with the ERP analysis epoch for SOA 2 and 
SOA 1, respectively. To control for Type I error due to the large number of 
ANOVAs given that one ANOVA was computed on each time sample, a permutation 
analysis with 500 permutations was used to correct the P values (Maris & 
Oostenveld, 2007). Data from the interval showing a significant effect of condition 
on respiratory movements were analysed using a confirmatory repeated measures 
ANOVA in SPSS. We used a 2 × 3 ANCOVA for repeated measures in BMDP 2V 
program (Biomedical Data Package, Cork, Ireland) to analyse whether changes in 
respiratory movement patterns contributed to the effects of experimental condition 
observed in ERP clusters.  
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4.4 Results 
 
4.4.1 Odour ratings 
 
 Mean ratings of odour pleasantness, intensity and familiarity taken before and 
after the experimental task were collated and are shown in Table 4.1. Paired t-tests 
confirmed that jasmine was rated as significantly more pleasant than 
methylmercaptan (t(27) = 28.34, P < 0.001); there was no significant difference in 
intensity ratings of jasmine and methylmercaptan (t(27) = -1.64, P = 0.11), and there 
was no significant difference in familiarity ratings of jasmine and methylmercaptan 
(t(27) = 0.72, P = 0.48). 
 
Table 4.1: Mean (± standard deviation) ratings of odour pleasantness, intensity and familiarity that 
were taken before and after the experimental task and concatenated. 
 
 
4.4.2 Face and odour ratings  
 
 Table 4.2 shows the mean ratings of faces under each odour and SOA 
condition. A repeated-measures ANOVA revealed a significant main effect of odour 
on ratings of faces (F(2, 54) = 14.63, 2p = 0.35, P < 0.001). Pairwise comparisons 
indicated that faces in the unpleasant odour condition were rated as significantly less 
pleasant in comparison to faces in both the control (P < 0.001) and pleasant odour (P 
= 0.001) conditions. There was no significant difference between ratings of faces in 
the control and pleasant odour conditions (P > 0.05). There was no main effect of 
SOA on ratings of faces (F(1, 27) = 0.23, 2p = 0.01, P = 0.64). However, there was a 
significant interaction between odours and SOA affecting face ratings (F(2, 54) = 3.3 
2
p = 0.11, P = 0.05). Further analysis of this interaction (using a 2 × 2 repeated 
Odour Pleasantness Intensity Familiarity 
Jasmine  78.17 (± 11.15) 75.56 (± 10.86) 68.36 (± 20.53) 
Methylmercaptan 13.0 (± 10.38) 80.09 (± 9.69) 65.71 (± 24.45) 
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measures ANOVA) showed that the effect was caused by the greater pleasantness of 
faces presented during averaged clean air and pleasant odour conditions and greater 
unpleasantness of faces presented during the unpleasant odour condition in SOA 2 
compared to SOA 1 (F(1, 27) = 5.02, P = 0.034). The interaction appeared to be 
driven by the contrast between SOAs in the unpleasant odour condition (F(1, 27) = 
3.29, P = 0.081), since this contrast was comparatively weak in the pleasant odour 
and clean air conditions (F(1, 27) = 1.07, P = 0.31). 
 
Table 4.2: Mean (± standard deviation) ratings of neutral faces under each odour and SOA condition 
(SOA 1 – faces presented one second after odour offset, SOA 2 – faces presented during odour 
stimulation). 
 
Table 4.3 shows the mean odour intensity ratings acquired from experimental 
trials for each odour and SOA condition. A repeated-measures ANOVA revealed a 
significant main effect of odour on intensity ratings (F(2, 54) = 209.6, 2p = 0.89, P < 
0.001). Pairwise comparisons indicated that both the pleasant and unpleasant odour 
were rated as significantly more intense than clean air (P < 0.001). There was no 
significant difference between intensity ratings of the pleasant and unpleasant odours 
(P > 0.05). There was a significant main effect of SOA affecting odour intensity 
ratings (F(1, 27) = 6.97, 2p = 0.21, P = 0.01), suggesting that odours were rated more 
intense on trials using SOA 2 (40.79 ± 28.84) in comparison to trials using SOA 1 
(39.37 ± 28.71). There was no significant interaction between odour and SOA 
condition affecting odour intensity ratings during the experiment (P > 0.05).  
 
  
SOA Clean Air Jasmine Methylmercaptan 
SOA 1 53.76 (± 6.23) 53.30 (± 7.57) 49.39 (± 5.75) 
SOA 2 54.11 (± 7.10) 53.81 (± 7.81) 47.94 (± 7.58) 
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Table 4.3: Mean (± standard deviation) odour intensity ratings acquired from experimental trials for 
each odour and SOA condition. 
 
 
4.4.3 ERP components 
 
Figure 4.2 illustrates the event-related potentials in response to faces across 
all trials and all odour conditions in the form of a butterfly plot and topographic maps 
of selected potential components. Topography of the first component showed 
bilateral positivity over the occipital electrodes and negativity over frontal electrodes, 
peaking at around 100 ms. This is consistent with characteristics of the P1 
component, which is related to early processing of visual stimuli (Hopf et al., 2002). 
The second component, peaking around 205 ms, showed negativity over parietal and 
temporal electrodes, consistent with characteristics of the N170 face-processing 
component (Bentin et al., 1996). The next component peaked around 430 ms, 
showing strong negativity over occipital and parietal electrodes, consistent with the 
N400 component, which is implicated in the processing of meaningful stimuli, 
including faces (Kutas & Federmeier, 2011). The final component was a long 
component beginning around 500 ms and peaking at approximately 530 ms. Showing 
negativity over occipital electrodes sites and positivity over central areas, it was 
consistent with characteristics of the late positive potential (LPP), which is sensitive 
to the emotional content of pictures, words and faces (Cacioppo et al., 1993; 
Cuthbert et al., 2000; Hajcak et al., 2007; Hajcak et al., 2006). 
SOA Clean Air Jasmine Methylmercaptan 
SOA 1 4.33 (± 4.0) 54.82 (± 16.21) 58.95 (± 18.35) 
SOA 2 4.71 (± 4.35) 57.05 (± 14.35) 60.59 (± 17.36) 
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Figure 4.2: Butterfly plot of grand average ERP responses to faces and corresponding scalp 
topographies. (A) Butterfly plot of grand average ERPs in response to faces. Peak latencies of distinct 
ERP components (100 ms, 205 ms, 430 ms, and 530 ms) are highlighted with arrows. (B) Latency 
component 100 ms (P1). The topographic maps of grand average ERPs overlaid on the volume 
rendering of the human head are shown. (C) Latency component 205 ms (N170). (D) Latency 
component 430 ms (N400). (E) Latency component 530 ms (late component/LPP). 
 
4.4.4 Effects of odours and SOA on ERPs 
 
SPM12 was used to compute a 2 × 3 repeated measures ANOVA on 
smoothed scalp-time images of data from 0−1000 ms relative to the onset of the face. 
The ANOVA revealed scalp-time clusters showing significant main and interaction 
effects of SOA and odour on the ERP responses to faces. Figure 4.3 illustrates these 
significant scalp-time clusters. The corresponding topographic maps from each 
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odour/SOA condition for each significant cluster are shown with bar graphs 
representing the mean EEG scalp-amplitude (µV). 
 There was a main effect of SOA on ERP responses to faces at 169 ms and 
173 ms after onset of the face (uncorrected P < 0.001), during the N170 component 
(see Figure 4.3A). Given that the two clusters were within 20 ms of one another, it is 
likely that they reflect the same process. Further, the cluster at 169 ms showed 
positive amplitude, whilst the cluster at 173 ms showed negative amplitude; it is 
therefore reasonable to assume that these clusters formed a dipole. Subsequent t-tests 
performed on EEG amplitude data from these two clusters showed that faces 
presented using SOA 2 yielded stronger EEG amplitude at both the 169 ms cluster 
(t(25) = -5.49, P < 0.001), and the 173 ms cluster (t(25) = 5.67, P < 0.001) compared 
to faces presented using SOA 1.       
 Another statistically significant scalp-time cluster represented a main effect 
of odour on the ERP response to faces at 391 ms following onset of the face 
(uncorrected P < 0.001), in the left frontal electrodes during the N400 component 
(see Figure 4.3B). A confirmatory one-way ANOVA in this cluster showed a 
significant effect of odour (F(2, 50)  = 16.33, 2
p = 0.4, P < 0.001). Pairwise 
comparisons indicated that there were significant differences in EEG amplitude 
between all three odour conditions (P < 0.05): faces in the clean air condition 
produced the lowest amplitude (0.33 ± 1.14), and faces in the unpleasant odour 
condition produced the highest amplitude (1.09 ± 0.98). Faces in the pleasant odour 
condition produced an amplitude between the two (0.68 ± 1.09).   
 An interaction between odour and SOA yielded a significant effect 
(uncorrected P < 0.001) on the ERP response to faces in scalp-time clusters at 516 
ms (F(2, 50) = 9.81 2p = 0.28, P = 0.001) and 712 ms (F(2, 50) = 12.81, 
2
p = 0.34, P 
< 0.001) following onset of the face. Post-hoc t-tests revealed significantly greater 
amplitudes of positive and negative potential components for faces presented in the 
unpleasant odour condition using SOA 2, in the 516 ms cluster (1.00 ± 0.60, P = 
0.002) and the 712 ms cluster (-0.90, ± 0.73, P < 0.001), respectively. There were no 
significant differences in EEG amplitude between SOA 1 and SOA 2 in the clean air 
or pleasant odour conditions (P > 0.05). 
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Figure 4.3: Two-way ANOVA showing the effects of odour and SOA conditions on ERP responses 
to faces. (A) Main effect of SOA on ERP responses to faces across all odour conditions. The green 
panel shows statistically significant latency periods (P < 0.05 FWE) in the scalp-time plot where F 
values represent the strength of variance between SOA conditions over the horizontal axis of the scalp 
in every time sample from 0 ms and 1000 ms relative to the onset of the face photograph. The scalp 
values over the horizontal axis of the scalp are averages of F values occurring at each vertical point for 
a given horizontal point in the standardised scalp map (from -6.8 cm to +6.8 cm). There were two 
spatio-temporal clusters showing a statistically significant effect of SOA around the N170 component. 
Below the green panel is the standard scalp map of statistically significant clusters using ERPs. The 
first significant cluster, labelled 1, occurred at 169 ms and had positive amplitude. The second, 
labelled 2, occurred at 173 ms and had negative amplitude. Bar graphs illustrate the mean EEG 
amplitude for each cluster under each SOA condition (µV). Black bars represent SOA 1, and grey bars 
represent SOA 2. Asterisks indicate statistically significant differences between SOA 1 and SOA 2 (P 
< 0.05). Corresponding topographic maps of the numbered significant clusters for the two SOA 
conditions are shown. White circles with a black outline pinpoint the location of the significant 
electrode clusters. (B) Main effect of odour condition on ERP responses to faces across both SOA 
conditions. The green panel shows statistically significant latency periods (P < 0.05 FWE) in the 
scalp-time plot where F values represent the strength of variance between odour conditions. One 
spatio-temporal cluster showed a statistically significant effect of odour around the N400 component. 
Below the green panel is the standard scalp map of the statistically significant cluster. Bar graphs 
illustrate the mean EEG amplitude at this cluster under each odour condition (µV). The white bar 
represents the clean air condition (labelled CLA), the grey bar represents the pleasant odour condition 
(labelled JAS) and the black bar represents the unpleasant odour condition (labelled MERC). 
Asterisks indicate statistically significant differences between odour conditions (P < 0.05). 
Corresponding topographic maps of the significant cluster for the three odour conditions are shown. 
(C) Interaction between odour and SOA condition affecting ERP responses to faces. The green panel 
shows statistically significant latency periods (P < 0.001 uncorrected) in the scalp-time plot. Two 
spatio-temporal clusters during the LPP showed were significantly affected by an interaction between 
odour and SOA conditions. Below the green panel is the standard scalp map of the statistically 
significant clusters. The first significant cluster, labelled 1, occurred at 516 ms and had positive 
amplitude. The second, labelled 2, occurred at 712 ms and had negative amplitude. Bar graphs 
illustrate the mean EEG amplitude for each cluster under each condition (µV). Black bars represent 
SOA 1, and grey bars represent SOA 2. Odour conditions are labelled CLA, JAS, and MERC. 
Asterisks indicate the statistically significant differences between SOA 1 and SOA 2 in the unpleasant 
odour condition (P < 0.025, Bonferroni corrected). Corresponding topographic maps of the numbered 
significant clusters for all conditions are shown. 
 
4.4.5 Respiratory movements 
 Figure 4.4 shows averaged respiratory waveforms for each condition in a 7 s 
interval, beginning at odour onset. A repeated-measures ANOVA (2 SOAs, 3 
odours) showed a statistically significant interaction between odour and SOA in the 
interval 4805–5010 ms. This interval overlapped with the period in which ERPs were 
recorded and analysed for trials using SOA 1. To analyse this interaction effect 
further, respiratory movement data from this interval were subjected to a repeated 
measures ANOVA in SPSS. Post hoc t-tests revealed that this interaction was driven 
by a significant difference between respiratory movements in trials using SOA 1 and 
SOA 2 in the unpleasant odour condition only (t(25) = 2.29, P = 0.03). Upon visual 
inspection of each individual’s respiratory waveforms, it appeared that 16 subjects 
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tended to inspire during the 4–5 s interval on trials in the unpleasant odour condition 
using SOA 1.  
Repeated measures ANCOVA using the ERP cluster peaking at 712 ms as the 
dependent measure and the amplitude of respiratory movements as a covariate 
showed that there was a significant covariate effect of respiratory movements in the 
712 ms ERP cluster (F(1, 49) = 4.24, P = 0.05). When this covariate effect was taken 
into account, the significance of the interaction between odour and SOA affecting the 
ERP cluster decreased very slightly (F(2, 49) = 9.01, P < 0.001), but remained 
statistically significant.  
 
Figure 4.4: Average respiratory waveforms for each condition. Respiratory movement signals from 
every subject across all trials were averaged over a period of 7 seconds, beginning at odour onset 
(Time 0). Time 2 represents onset of the visual face stimulus in trials using SOA 2, and Time 4 
represents onset of the visual face stimulus in trials using SOA 1. The blue line represents clean air 
trials using SOA 1 (denoted as ‘cla SOA 1’), the red line represents pleasant odour trials using SOA 1 
(‘jas SOA 1’) and the yellow line represents unpleasant odour trials using SOA 1 (‘merc SOA 1’). The 
pink line represents clean air trials using SOA 2 (‘cla SOA 2’), the green line represents pleasant 
odour trials using SOA 2 (‘jas SOA 2’) and the black line represents unpleasant odour trials using 
SOA 2 (‘merc SOA 2’) The grey rectangle indicates time intervals where respiratory movement 
signals differed significantly according to a two-way ANOVA for repeated measures (P < 0.05). 
Upwards deflections of respiratory signals correspond to inspiration. 
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4.5 Discussion 
 
 Effects of SOA on odour-related priming of faces manifested in hedonic 
evaluations, cortical potentials, and respiratory activity. In particular, unpleasant 
odours had a greater effect on hedonic evaluations and cortical responses when faces 
were presented during odour stimulation.  
In accordance with previous studies (Cook et al., 2015; Li et al., 2007; 
Todrank et al., 1995), neutral faces presented with or after unpleasant odour 
stimulation were rated as significantly less pleasant than faces in both the control and 
pleasant odour conditions. These odour priming effects occurred with and without a 
temporal lag between odour and face presentation, suggesting that odours have the 
capacity to alter hedonic evaluations of visual stimuli, even if they are presented 
shortly after offset of the odour.  
In line with previous studies (Bensafi, Pierson, et al., 2002; Cook et al., 
2015), the results also showed that odours affected the amplitudes of ERP 
components. In particular, odours affected the N400 component. The N400 
component is typically associated with semantics and language processing, but is 
known to be involved in processing the contextual information about stimuli, 
including faces (Kutas & Federmeier, 2011). Our data showed that faces in the 
unpleasant odour condition produced the largest N400 amplitude, whilst faces in the 
clean air condition produced the smallest N400 amplitude. Faces in the pleasant 
odour condition produced amplitude that was between the two. In this case, the N400 
may have represented contextual information induced by the odours, with the 
unpleasant odour being the most salient context, the pleasant odour being the next 
most salient, and clean air a neutral context. This further supports data showing that 
negative stimuli influence evaluations more strongly than positive stimuli of 
comparable intensities (T. A. Ito, Larsen, Smith, & Cacioppo, 1998; Smith, 
Cacioppo, Larsen, & Chartrand, 2003; Smith et al., 2006). The significant differences 
in the N400 response to faces between all odour conditions suggest that whilst the 
behavioural task may not have been sensitive enough to pick up differences in 
evaluations of faces between the pleasant odour and control conditions, the N400 
was able to differentiate the context in which faces were presented.  
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The key finding referred to an interaction between odour condition and SOA 
where faces presented during clean air and pleasant odour conditions were rated as 
more pleasant, and faces presented during unpleasant odour stimulation were rated as 
less pleasant, than the same faces presented one second after odour offset. This 
interaction appeared to be driven by the contrast effect of SOA in the unpleasant 
odour condition, an effect that was mirrored in the EEG data during the LPP. Our 
data showed that faces presented during unpleasant odour stimulation were 
associated with greater LPP amplitude than the same faces presented one second 
after offset of the unpleasant odour. The LPP is known to be sensitive to the valence 
of pictures, words and faces (Cacioppo et al., 1993; Cuthbert et al., 2000; Hajcak et 
al., 2007; Hajcak et al., 2006). Previous research has suggested that the LPP responds 
to the emotional content of faces (Duval et al., 2013), and that contextual information 
integrates with face processing during the LPP (Dieguez-Risco, Aguado, Albert, & 
Hinojosa, 2013). The present results further suggest that the LPP may indeed be 
sensitive to the emotional content of faces, or likely the emotional context in which 
they are presented. Stronger ERP amplitudes and more significant changes in 
hedonic ratings during simultaneous unpleasant odour and neutral face stimulation 
support the evidence for an attentional bias towards negative stimuli (T. A. Ito et al., 
1998; Smith et al., 2003; Smith et al., 2006), and are consistent with previous 
findings that negative odours elicit faster reactions than other odours (Boesveldt et 
al., 2010). Taken together, the results suggest that odour priming effects were 
stronger during simultaneous odour and face presentation, at least in the unpleasant 
odour condition, and that the LPP may represent the effects of unpleasant odour 
context on face perception.  A greater cortical and subjective response during 
simultaneous olfactory and visual stimulation may have an adaptive role, allowing 
for a prompt and focused behavioural reaction if an aversive odour would signal 
danger. 
A parallel interaction between odours and SOA to that seen in the LPP 
components was observed in the respiratory movement data: there was a significant 
difference between respiratory movements in trials using SOA 1 and SOA 2 in the 
unpleasant odour condition only. There was a significant covariate effect of 
respiratory movement data on an LPP (712 ms) scalp-time cluster, however, the 
interaction between SOA and odour remained significant when this covariate effect 
84 
 
was taken into account. Odour perception and odour induced emotions are dependent 
upon inspiration (Homma & Masaoka, 2008), and given that the amygdala and 
entorhinal cortex receive direct inputs from the olfactory bulb and piriform cortex 
(McDonald, 1998), it is not surprising to find that odour priming also affects 
respiratory movements. We observed that participants tended to inspire during 
presentation of face photographs presented one second after the offset of an 
unpleasant odour. Previous studies have shown differences in respiratory patterns 
during presentation of high arousal stimuli (Gomez, Stahel, & Danuser, 2004; 
Gomez, Zimmermann, Guttormsen-Schär, & Danuser, 2005; Ritz, George, & 
Dahme, 2000), and a number of studies have found increases in respiratory activity 
during induction of negative emotional states (see review by Boiten, Frijda, & 
Wientjes, 1994). Indeed, one study confirmed that unpleasant odours increase 
respiratory rate and induce rapid shallow breathing (Masaoka, Koiwa, & Homma, 
2005). Authors have argued that the valence and arousal effects may reflect energy 
mobilisation in preparation to act, and a manifestation of attentional bias towards 
negative stimuli (Gomez et al., 2004). In the present study, the unpleasant odour may 
have increased arousal, resulting in increased inspiration, analogous with the notion 
of attentional bias and preparation for a behavioural reaction in the presence of 
aversive stimuli. However, given that this effect was only observed when faces were 
presented one second after the unpleasant odour, such interpretation should be 
treated with caution.   
SOA also affected the early face ERP component (N170) independently of 
the type of odour. The N170 component was stronger when faces were presented 
during odour stimulation in comparison to those same faces presented one second 
after odour offset. This finding is consistent with the suggestion that odours can 
influence early stages of visual processing (Robinson, Reinhard, & Mattingley, 
2014), and the finding that the N170 is modulated by emotional context (Righart & 
de Gelder, 2006). Indeed, one recent study showed enhancement of the EEG 
response between 130 and 180 ms after face onset when faces were presented with 
an odour (Leleu, Godard, et al., 2015). It is likely that the multisensory stimulation 
experienced when odours and faces were presented together resulted in increased 
allocation of attentional resources and increased N170 amplitude as a consequence. 
This explanation is supported by increased perceived odour intensity observed in 
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trials when odours were presented simultaneously with faces. It is possible that odour 
context boosts face processing and corresponding ERPs, and that simultaneous 
presentation of odour and face stimuli results in increased odour intensity perception.  
Whilst the unpleasant odour appeared to reduce hedonic ratings of neutral 
faces, there were no differences between ratings of faces presented in the pleasant 
odour conditions. This finding could have been due to increased allocation of 
attention to an unpleasant stimulus, as discussed above (T. A. Ito et al., 1998). It has 
been noted that unpleasant odours induce negative emotional reactions (e.g. disgust), 
whilst pleasant odours rarely induce intense emotional reactions (e.g. euphoria) 
(Mackay-Sim & Royet, 2006). This phenomenon may be responsible for the lack of 
pleasant odour effects. Previous studies have also found that ratings of neutral faces 
were affected by unpleasant odours, but not pleasant odours or clean air (Dematte et 
al., 2007), and that neutral faces were subject to aversive conditioning with 
unpleasant odours, but not to appetitive conditioning with pleasant odours (Herrmann 
et al., 2000). The lack of a pleasant odour priming effect may have been due to the 
fact that the pleasantness rating of the pleasant odour was not as high as the 
unpleasantness rating of the unpleasant odour, a finding that was also reported by 
Herrmann et al. (2000). As a result, the salience of the pleasant odour may have been 
lower than that of the pleasant odour and therefore less likely to influence face 
ratings. Interestingly, an unpleasant odour has been shown to boost loss aversion and 
increase the skin conductance response to losses in a monetary gamble task, whilst a 
pleasant odour failed to affect either measure (Stancak et al., 2015), suggesting a 
greater capacity of unpleasant than pleasant odours to alter hedonic evaluations. 
In summary, the results suggest that unpleasant odours are able to influence 
hedonic evaluations of faces both with and without a temporal lag between the odour 
and the face, but that odour priming is stronger with simultaneous stimulation. Such 
an effect was apparent in subjective evaluations, cortical potentials and even in the 
respiratory pattern. Unpleasant odours signal a danger such as fire, poisons, or 
spoiled food. A stronger priming effect of unpleasant odours for concurrently 
occurring visual stimuli compared to stimuli occurring later may help to shape a 
more robust and focused behavioural response by tuning the hedonic evaluation of 
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the visual stimulus towards the unpleasant pole. Such multimodal effects may allow 
for prompt mobilisation of behavioural resources to tackle potential danger. 
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Chapter 5 
 
Pleasant and unpleasant odour-face combinations influence face and 
odour perception: an event-related potential study. 
 
This experiment investigated the effects of pleasant and unpleasant odours and happy 
and disgusted faces on facial expression perception and odour pleasantness and 
intensity perception, using EEG. 
The manuscript is currently in preparation for submission to Biological Psychology. 
The roles of the co-authors are summarised below: 
I designed the study in collaboration with Andrej Stancak, and collected the data. 
Katerina Kokmotou, Vicente Soto, and Nicholas Fallon assisted with the data 
collection. Andrej Stancak and Nicholas Fallon provided training during the data 
analysis. I analysed the data, interpreted the results, and wrote the manuscript. 
Katerina Kokmotou, Vicente Soto, Nicholas Fallon, Anna Thomas, Timo Giesbrecht, 
Matt Field and Andrej Stancak provided useful comments on the manuscript.  
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5.1 Abstract 
 
Neural mechanisms underlying the effects of congruent and incongruent 
odours on facial expression perception are not clear. Moreover, the influence of 
emotionally-valenced faces on odour perception is not established. To further explore 
such effects, we investigated the effects of pleasant and unpleasant odours paired 
with happy and disgusted faces on subjective ratings and event-related potential 
(ERP) responses to faces.  
Participants rated the pleasantness of happy and disgusted faces that appeared 
during 3 second pleasant (jasmine) or unpleasant (methylmercaptan) odour pulses, or 
without odour. Odour pleasantness and intensity ratings were also recorded in each 
trial. EEG was recorded continuously using a 128-channel EGI (Electrical 
Geodesics, Inc., USA) system.  
Results indicated reciprocal effects of valenced odours and emotional faces. 
Specifically, disgusted faces presented in the unpleasant odour condition were rated 
less pleasant than the same faces presented in the pleasant or no odour conditions. 
Both pleasant and unpleasant odours were rated as more pleasant when paired with 
happy faces, and the unpleasant odour was rated as more intense when paired with 
disgusted faces. Odour-face interactions were evident in the N200 and N400 ERP 
components: Odour-face congruency effects were apparent in the unpleasant odour 
condition, whilst pleasant odour masked such effects. Unpleasant odour paired with 
disgusted faces resulted in a decrease in inspiration. 
Congruent pairings of unpleasant odour and disgusted faces resulted in 
stronger shifts in face evaluation, changes in ERP responses to faces, increased odour 
intensity ratings and a decrease in inspiration. These findings likely represent a 
heightened adaptive response to unpleasant stimuli presented across multiple 
modalities, prompting appropriate behaviour in the presence of danger. Pleasant 
odour masked congruency effects in ERPs, suggesting that the hedonic state induced 
by a pleasant odour may reduce any such response. 
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5.2 Introduction 
 
Previous research has shown that odours modulate face processing and 
recognition (Steinberg et al., 2012; Walla, 2008), subjective ratings of faces (Bensafi, 
Pierson, et al., 2002; Cook et al., 2015; Dematte et al., 2007; Li et al., 2007; 
McGlone et al., 2013; Seubert et al., 2014), and perceptions of facial expressions 
(Leleu, Demily, et al., 2015; Leppanen & Hietanen, 2003; Pause et al., 2004; Seubert 
et al., 2010; Zhou & Chen, 2009). The effects of odours on perception of facial 
expressions are often driven by affective congruency between odours and faces. For 
example, Leppanen and Hietanen (2003) observed that happy faces were recognised 
faster than disgusted faces in the presence of a pleasant odour. Moreover, Leleu, 
Demily, et al. (2015) observed that the minimum amount of visual information 
required to perceive an expression was lowered when the odour context was 
emotionally congruent. 
More recently, the effect of odours on perception of facial expressions has 
been investigated using EEG, but the influence of congruency on such effects is less 
clear. One study showed that both neutral and negatively-valenced chemosensory 
signals modulated N170 amplitudes in responses to fearful facial expressions 
(Adolph et al., 2013). Another observed that stress sweat odour enhanced the late 
LPP in responses to neutral and ambiguous faces (Rubin et al., 2012). Leleu, Godard, 
et al. (2015) found that an aversive olfactory context modulated the P200 by 
amplifying the difference in responses to neutral versus happy and disgusted facial 
expressions. In these previous experiments, there were no explicit tasks regarding the 
facial expressions or olfactory stimuli. Whether the effects of congruent and 
incongruent odour-face interactions on EEG activity are also related to subjective 
ratings of facial expressions has yet to be investigated. Doing so will contribute to 
our understanding of the neural mechanisms underlying olfactory-visual influences 
on behaviour.   
In addition to the effects of odours on perceptions of visual stimuli,  
reciprocal effects (i.e. the effects of visual stimuli on odour perception) are also well 
documented (Dematte et al., 2009; Gottfried & Dolan, 2003; Olofsson et al., 2012; 
Pollatos et al., 2007; Seo, Arshamian, et al., 2010). Importantly, some studies have 
demonstrated that visual information can affect odour pleasantness and intensity 
perception. Neutral odours were rated less pleasant and more intense following 
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unpleasant picture presentation, and more pleasant after viewing positive images 
(Pollatos et al., 2007). Another study showed that congruent symbol-odour pairs 
increased perceived pleasantness and intensity of a pleasant odour, and increased the 
unpleasantness of an unpleasant odour. Furthermore, congruent odour-symbol pairs 
produced higher amplitudes in olfactory ERPs (Seo, Arshamian, et al., 2010). It is 
clear that visual information can affect odour perception and that congruency plays a 
role, however, the effects of congruent and incongruent facial expressions on 
evaluations of odour pleasantness and intensity have not yet been investigated. Both 
face and odour processing almost always involve some aspect of emotion (Walla, 
2008). Investigating bidirectional cross-modal effects of odours and emotional faces 
will provide further understanding of olfactory-visual integration in the context of 
emotion.  
The aim of the present study was to investigate the effects of pleasant and 
unpleasant odours paired with happy and disgusted faces on evaluations of the facial 
expressions and odour pleasantness and intensity. Our study was the first of its kind 
to observe effects of olfactory-visual interactions on perceptions of both the visual 
and odour stimuli, using ERP analysis. Given the previous findings (Leleu, Demily, 
et al., 2015; Leppanen & Hietanen, 2003; Seo, Arshamian, et al., 2010), we 
hypothesised that congruent odour-face pairings would shift face and odour 
pleasantness ratings further in the direction of the given odour-face valence, and 
increase intensity ratings of odours. Moreover, in line with previous results (Cook et 
al., 2015; Leleu, Godard, et al., 2015; Rubin et al., 2012), we expected odour-face 
interactions to affect the P200 and LPP components of the ERP during face 
processing. The present study also contributes to a more general literature on 
evaluative priming (Herring et al., 2013). Using odours and faces as both primes and 
targets, we aimed to extend the current understanding of the mechanisms underlying 
evaluative priming by examining the phenomenon in a cross-modal sense, using ERP 
analysis. 
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5.3 Methods and Materials 
 
5.3.1 Participants 
 
A total of 25 (11 male) healthy participants aged 18−30 years (mean ± 
standard deviation: 23.28 ± 3.58) took part in the experiment after giving written 
informed consent in accordance with the Declaration of Helsinki. The study was 
approved by the Research Ethics Committee at the University of Liverpool. Two 
participants exercised their right to withdraw from the experiment for personal 
reasons, and data from a further three participants were subsequently excluded from 
the EEG analysis due to excessive amounts of artifacts. Hence, behavioural data 
from 23 (10 male) participants, and EEG data from 20 (9 male) participants were 
used in the analysis. All participants were initially screened in a separate session 
using the Sniffin’Sticks (Hummel et al., 1997) test battery to ensure adequate odour 
identification ability. Participants were asked not to smoke, drink coffee or chew 
gum for two hours prior to the experiment, and were asked to minimise their use of 
fragranced products on the day. Participants were reimbursed for their time and 
travel expenses.  
 
5.3.2 Visual and olfactory stimuli 
 
Face-images of 30 actors (15 male) showing happy and disgusted expressions 
were used in the experiment, for a total of 60 faces. These were selected from the 
NimStim Set of Facial Expressions (Tottenham et al., 2009). All face images were 
frontal views, in colour, with a consistent light background and similar dimensions.  
Odours were administered through two tubes approximately two centimetres 
away from the nostrils; using a custom-built, continuous airflow, computer-
controlled olfactometer with 8 channels (Dancer Design Ltd., UK). Odour pulses 
were embedded within a constant flow of clean air, in order to avoid effects of a 
sudden increase in airflow associated with presentation of an odour (Huart et al., 
2012). Airflow was kept constant at 2.5 l/min.  
92 
 
There were three odour conditions in the experiment; pleasant, unpleasant 
and a neutral, ‘clean air’ control. Methylmercaptan (1% dilution in Propylene 
Glycol), a rotten cabbage-like odour, was selected for the unpleasant condition. 
Jasmine odour (no dilution) was selected for the pleasant condition. These dilutions 
were matched on perceived intensity based on data from previous experiments (Cook 
et al., 2015; Cook et al., under review). Odours were supplied by Symrise Ltd. 
(Netherlands). Propylene Glycol (1,2-Propanediol 99%, Sigma-Aldrich Ltd., UK) 
was used for dilution, the clean air control and constant flow.  
Both presentation of the experimental task stimuli and triggering of the odour 
valves were achieved using the Cogent 2000 v. 1.32 program (Wellcome Department 
of Imaging Neuroscience, United Kingdom) running in Matlab v. R2011a (The 
MathWorks, Inc., USA). In between experimental blocks and sessions, a Blueair 203 
air purifier (Blueair Ltd., Sweden) was used to minimise any residual odour that may 
have carried into the next experimental block or session. 
 
5.3.3 Recordings 
 
EEG was recorded continuously using a 128-channel Geodesics EGI System 
(Electrical Geodesics, Inc., Eugene, Oregon, USA) with a sponge-based Geodesic 
Sensor Net. The sensor net was aligned with respect to three anatomical landmarks; 
two pre-auricular points and the nasion. Electrode-to-skin impedances were kept 
below 50 kΩ and at equal levels across all electrodes. The recording band-pass filter 
was 0.01−1000 Hz, and the sampling rate was 1000 Hz. Electrode Cz was used as the 
reference. 
Participants’ respiration and pulse rate were recorded continuously 
throughout the experiment with a piezoelectric respiratory belt transducer worn 
around the chest at the level of the epigastrium, and a finger pulse oximeter 
transducer worn on the index finger of the left hand (ADInstruments Ltd., Oxford, 
UK). Signals were transduced and extracted using LabChart 7 (ADInstruments Ltd., 
Oxford, UK). 
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5.3.4 Procedure 
 
After application of the EEG cap, participants were seated in a dimly lit, 
sound attenuated room facing a 19 inch LCD monitor (60 Hz refresh rate) placed 
approximately 0.7 m in front of them. First, the respiratory and pulse monitoring 
equipment was fitted onto participants and the signals were checked. Following this, 
the olfactometer head piece was fitted, and participants were given instructions. The 
experimental session lasted around 1.5 hours in total, including baseline odour 
ratings and the experimental task. Ratings of odour pleasantness, intensity, and 
familiarity were recorded before and after the task. Each odour was administered 
individually, in a four-second pulse manually triggered to coincide with the onset of 
inspiration. After each odour pulse, on-screen visual analogue scales prompted 
participants to rate the pleasantness (from 0 – very unpleasant to 100 – very 
pleasant), intensity (0 – no odour to 100 – very intense odour) and familiarity (0 – 
not familiar at all to 100 – extremely familiar) of the odour.  
The experimental task was split into four blocks of 45 trials (180 trials in 
total). Trials were pseudo-randomly ordered such that each of the 30 actors appeared 
6 times: showing a happy and a disgusted expression under each of the three odour 
conditions. A given actor never appeared showing the same expression more than 
once in each block. Odour presentation was also pseudo-random, such that all three 
odours were presented across all four blocks, but no two consecutive trials used the 
same odour. Figure 5.1 shows a flowchart of the trial procedure. Each trial began 
with a resting interval during which participants viewed a white cross on a black 
background. The duration of this interval was dependent upon the triggering of the 
odour pulse; the experimenter observed participants’ respiratory waveforms, and 
manually triggered the odour pulses at the very onset of inspiration. Odour pulses 
were 3000 ms in duration. At a random time point between 1000–2000 ms of the 
odour pulse, a happy (half of the trials) or disgusted face was displayed on-screen for 
300 ms. Following the odour pulse, a 3000 ms resting interval with a black screen 
preceded a rating scale prompting participants to rate the pleasantness of the facial 
expression (from 0 – very unpleasant to 100 – very pleasant). Once they had 
responded, a second screen with two scales prompted participants to rate the 
pleasantness (from 0 – very unpleasant to 100 – very pleasant) and the intensity (0 – 
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no odour to 100 – very intense odour) of the odour administered in that trial. After 
their response, the next trial began.  
 
Figure 5.1: Flowchart of experimental trial procedure.  
 
5.3.5 Behavioural analysis 
 
Ratings of odour pleasantness, intensity and familiarity taken before and after 
the experimental task were collapsed and analysed using paired t-tests. Data from the 
experimental task were analysed using 2 × 3 repeated measures ANOVAs, observing 
differences in face pleasantness ratings, and odour pleasantness and intensity ratings 
with odour condition (pleasant, unpleasant, neutral) and face type (happy or 
disgusted) as the independent variables. Significant main effects were investigated 
using pairwise comparisons; significant interactions were followed up with post-hoc 
t-tests and one-way ANOVAs, using Bonferroni correction for multiple comparisons. 
P values in all ANOVA effects were adjusted using the Greenhouse-Geisser 
method. All behavioural data was analysed using SPSS v. 22 software package 
(IBM Inc., USA). 
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5.3.6 ERP analysis 
 
EEG recordings were pre-processed using BESA v. 6.0 (MEGIS GmbH, 
Germany). Data were first referenced to a common average using the common 
averaging method (Lehmann, 1987). The oculographic and, when necessary, 
electrocardiographic artifacts were removed by principal component analysis (Berg 
& Scherg, 1994). Data were visually inspected for the presence of any movement or 
muscle artifacts, and trials contaminated with artifacts were excluded. The mean 
number of accepted trials across all subjects and all conditions was 161 (± 17.02). 
Participants were excluded from the analysis if the number of trials accepted was less 
than 127 (2 standard deviations from the mean). 
Data were band-pass filtered from 2−35 Hz and down-sampled to a rate of 
256 Hz, and exported from BESA into the SPM12 software package (Statistical 
Parametric Mapping, UCL, England; 
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/). Event-related potentials (ERPs) 
in response to faces were computed separately for each odour and face condition by 
averaging respective epochs in the intervals ranging from 300 ms before photo onset 
to 1000 ms after photo onset. The baseline period ranged from -300 ms to 0 ms 
relative to the onset of the visual stimulus.  
We applied an omnibus analysis of the effects of odours on ERPs involving 
all time points from 0 ms to 1000 ms and all scalp sites, allowing us to explore the 
effects of odours on ERPs without applying a priori knowledge of peak latencies. 
The SPM12 toolbox combines advanced statistical models with robust control for 
Type I error (Poline et al., 1997; Kiebel & Friston, 2004). In contrast to alternative 
approaches, such as permutation analysis of clusters of ERPs over the epoch time 
(Maris & Oostenveld, 2007), SPM applies the theory of random fields to volumes of 
space-time data. This allows for calculation of the degrees of freedom in the 
evaluation of statistical test results based on the spatial and temporal complexity of 
data (Worsley, 2003). 
The statistical analysis was performed in two steps. In the initial exploratory 
step, EEG data were converted into three-dimensional scalp-time images using SPM. 
The electrodes were mapped onto a standardised scalp grid sized 32 × 32 pixels 
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(pixel size 4.25 × 5.3 mm2), representing the field potential planes stacked over the 
time axis. Images were smoothed with a Gaussian kernel of 9 × 9 × 20 mm² .ms (full 
width at half maximum). Data from over the whole epoch (385 time samples) and all 
standardised scalp points were screened for statistically significant effects of odours 
and face-valence using a flexible factorial ANOVA for repeated measures. The 
flexible factorial model in SPM allows for the inclusion of the subject factor as an 
independent variable. We applied an uncorrected threshold of P < 0.001, and a 
cluster size threshold of 20 contiguous space-time voxels to detect clusters affected 
by odours and face-valence. The data was masked such that only clusters occurring 
later than 100 ms following face onset were analysed. The amplitude data from these 
clusters were subsequently analysed using further repeated measures ANOVAs in 
SPSS v. 22 (IBM Inc., USA). The statistical threshold of this confirmatory analysis 
was P < 0.05.  
 
5.3.7 Analysis of respiratory movements 
 
 Respiratory movement signals were low-pass filtered, and averaged 
separately for each of the six conditions in the epoch of interest, then analysed 
statistically using a 2 × 3 repeated measures ANOVA (2 face types, 3 odours). The 7 
s analysis epoch ranged from odour onset (t = 0 s) to 7 s after odour onset. Therefore, 
the interval 1–3 s coincided with the ERP analysis epoch. To control for Type I error 
due to the large number of ANOVAs, given that one ANOVA was computed on each 
time sample, a permutation analysis with 500 permutations was used to correct the P 
values (Maris & Oostenveld, 2007). Data from the interval showing a significant 
effect of condition on respiratory movements were analysed using confirmatory 
repeated measures ANOVA in SPSS. We used a 2 × 3 ANCOVA for repeated 
measures in BMDP 2V program (Biomedical Data Package, Cork, Ireland) to 
analyse whether changes in respiratory movement patterns contributed to the effects 
of experimental condition observed in ERP clusters.  
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5.4 Results 
  
5.4.1 Odour ratings 
 
 Mean ratings of odour pleasantness, intensity and familiarity taken before and 
after the experimental task were collated and are shown in Table 5.1. A paired t-test 
confirmed that jasmine was rated as significantly more pleasant than 
methylmercaptan (t(22) = 21.55, P < 0.001). A further paired t-test showed there was 
no significant difference between intensity ratings of jasmine and methylmercaptan 
(t(22) = -1.58, P = 0.13). A third t-test confirmed that there was no significant 
difference in familiarity ratings of jasmine and methylmercaptan (t(22) = 1.14, P = 
0.27). 
 
Table 5.1: Mean (± standard deviation) ratings of odour pleasantness, intensity and familiarity that 
were taken before and after the experimental task and concatenated. 
 Pleasantness Intensity Familiarity 
Jasmine 79.28 (± 6.97) 71.95 (± 7.67) 71.67 (± 15.48) 
Methylmercaptan 15.7 (± 11.94) 76.34 (± 13.08) 66.59 (± 19.23) 
 
5.4.2 Face and odour ratings 
 
Figure 5.2A shows the mean ratings of the happy and disgusted faces under 
each odour and face condition. A repeated-measures ANOVA revealed a significant 
main effect of odour on ratings of faces overall (F(2, 44) = 30.4, 
2
p = 0.58, P < 
0.001). Pairwise comparisons indicated that all faces presented in the 
methylmercaptan odour condition were rated as less pleasant (44.68 ± 26.49) in 
comparison to faces presented in both the clean air (48 ± 25.47) and jasmine (49.2 ± 
26.43) conditions (P < 0.001), and faces in the jasmine condition were rated as 
significantly more pleasant than those in the clean air condition (P = 0.01). There 
was a significant main effect of face type on ratings of faces (F(1, 22) = 886.37, 
2
p = 
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0.98, P < 0.001), confirming that happy faces were rated as significantly more 
pleasant (72.55 ± 1.1) than disgusted faces (22.04 ± 1.09). There was also a 
significant interaction between odours and face type affecting face ratings (F(2, 44) = 
4.28 
2
p = 0.16, P = 0.02). Post-hoc one-way ANOVAs were employed to investigate 
this interaction, by observing the effects of odours on face ratings of happy and 
disgusted faces separately. For happy faces, a one-way ANOVA revealed a 
significant effect of odour (F(2, 44) = 18.83, 
2
p = 0.46, P < 0.001). Pairwise 
comparisons indicated that happy faces presented in the jasmine odour condition 
were rated as more pleasant (74.78 ± 5.77) in comparison to the same faces presented 
in both the clean air (72.64 ± 5.31, P = 0.002) and methylmercaptan (70.24 ± 5.89) 
odour conditions (P < 0.001), and happy faces in the methylmercaptan condition 
were rated as significantly less pleasant than those in the clean air condition (P = 
0.001). For disgusted faces, a one-way ANOVA revealed a significant effect of 
odour (F(2, 44) = 28.29, 
2
p = 0.56, P < 0.001). Pairwise comparisons indicated that 
disgusted faces in the methylmercaptan condition were rated significantly less 
pleasant (19.12 ± 5.85) than the same faces in both the clean air (23.38 ± 5.52) and 
jasmine (23.62 ± 5.26) odour conditions (P < 0.001). There was no significant 
difference in ratings of disgusted faces between the jasmine and clean air conditions 
(P > 0.05).  
Figure 5.2B shows the mean odour pleasantness ratings from experimental 
trials for each odour and face condition. A repeated-measures ANOVA revealed a 
significant main effect of odour type on odour pleasantness ratings (F(2, 44) = 
323.76, 
2
p = 0.94, P < 0.001). Pairwise comparisons confirmed that the jasmine 
odour was rated as more pleasant (74.56 ± 7.75) than both clean air (51.87 ± 3.19) 
and methylmercaptan (20.55 ± 7.45, P < 0.001); and that methylmercaptan was also 
rated as significantly less pleasant than clean air (P < 0.001). There was also a 
significant main effect of face type on odour pleasantness ratings (F(1, 22) = 12.29, 
2
p = 0.36, P = 0.003), indicating that all odours were rated as more pleasant (49.67 ± 
23.15) when presented with happy faces in comparison to when presented with 
disgusted faces (48.31 ± 23.27). The interaction between odours and face type 
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affecting odour pleasantness ratings did not reach statistical significance (F(2, 44) = 
2.34 
2
p = 0.1, P = 0.11).  
 
  
Figure 5.2: Mean ratings of face 
pleasantness, odour pleasantness 
and odour intensity. (A) Bar graph 
illustrating the mean ratings of face 
pleasantness in each odour and face 
condition. White bars represent 
clean air trials (labelled CLA), grey 
bars represent trials using jasmine 
odour (labelled JAS), and black bars 
represent trials using 
methylmercaptan (labelled MERC). 
Asterisks indicate statistically 
significant differences between 
odour conditions (P < 0.025). (B) 
Bar graph illustrating mean ratings 
of odour pleasantness in each odour 
and face condition. White bars 
represent trials where happy faces 
were presented (labelled H), and 
black bars represent trials where 
disgusted faces were presented 
(labelled D). Odour conditions are 
labelled CLA, JAS, MERC. 
Asterisks indicate significant 
differences between happy and 
disgusted face conditions (P < 
0.025). (C) Bar graph illustrating 
mean ratings of odour intensity in 
each odour and face condition. 
White bars represent trials where 
happy faces were presented 
(labelled H), and black bars 
represent trials where disgusted 
faces were presented (labelled D). 
Odour conditions are labelled CLA, 
JAS, MERC. Asterisks indicate 
statistically significant differences 
between happy and disgusted face 
conditions (P < 0.025). 
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Figure 5.2C shows the mean odour intensity ratings from experimental trials 
for each odour and face condition. A repeated-measures ANOVA revealed a 
significant main effect of odour type on intensity ratings (F(2, 44) = 219.26 
2
p = 
0.91, P < 0.001). Pairwise comparisons confirmed that methylmercaptan was rated as 
more intense (58.25 ± 15.45) than both jasmine (49.94 ± 13.67, P = 0.003) and clean 
air (2.63 ± 2.49, P < 0.001); and that jasmine was also rated as significantly more 
intense than clean air (P < 0.001). There was no significant main effect of face type 
(P > 0.05); however, there was a significant interaction between odour and face type 
affecting odour intensity ratings during experimental trials (F(2, 44) = 6.89, 
2
p = 
0.24, P = 0.003). Post-hoc t-tests confirmed that this effect was driven by intensity 
ratings of methylmercaptan: when presented in combination with disgusted faces, 
methylmercaptan was rated as significantly more intense (60.11 ± 16.38) than the 
same odour presented with happy faces (56.39 ± 14.96, t(22) = -3.34, P = 0.003). 
There were no significant effects of face type on intensity ratings of clean air or 
jasmine (P > 0.05).  
 
5.4.3 ERP components 
 
 Figure 5.3 illustrates the event-related potentials in response to faces across 
all trials and all conditions in the form of a butterfly plot and topographic maps of 
selected potential components. The topography of the first component showed 
bilateral positivity over the occipital electrodes and negativity over frontal electrodes, 
peaking around 95 ms. This is consistent with characteristics of the P1 component, 
which is related to early processing of visual stimuli (Hopf et al., 2002). The second 
component, peaking around 145 ms, showed negative potential over parietal and 
temporal electrodes, consistent with characteristics of the N170 face-processing 
component (Bentin et al., 1996). The next component peaked around 200 ms, 
showing positive potential in parietal-occipital, and strong negative potential in 
central-frontal electrodes, consistent with typical characteristics of the N200 
component (Folstein & Van Petten, 2008). The fourth component peaked at 395 ms 
and showed weak positivity in occipital electrodes.  
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Figure 5.3: Butterfly plot of grand average ERP response to faces and corresponding scalp 
topographies. (A) Butterfly plot of grand average ERPs in response to faces. Peak latencies of distinct 
ERP components (95 ms, 145 ms, 200 ms, 395 ms and 530 ms) are highlighted with arrows. (B) 
Latency component 95 ms (P1). The topographic maps of grand average ERPs overlaid on the volume 
rendering of the human head are shown. (C) Latency component 145 ms (N170). (D) Latency 
component 200 ms. (E) Latency component 395 ms (N400). (F) Latency component 500 ms (LPP). 
 
The final component was a long-latency component peaking around 500 ms, 
showing a strong negative potential over occipital and parietal electrodes, and a 
positive potential over central midline electrodes. These components are consistent 
with characteristics of the N400 component, implicated in the processing of 
meaningful stimuli, including faces (Kutas & Federmeier, 2011), and the late 
positive potential (LPP), which is sensitive to the emotional content of pictures, 
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words and faces (Cacioppo et al., 1993; Cuthbert et al., 2000; Hajcak et al., 2007; 
Hajcak et al., 2006). 
 
5.4.4 Effects of odours and face-valence on ERPs 
 
SPM12 was used to compute a 2 × 3 (face valence × odour) repeated 
measures ANOVA on smoothed scalp-time images of data from 0−1000 ms relative 
to the onset of the faces. The ANOVA revealed scalp-time clusters showing 
significant main and interaction effects of face-valence and odour on the ERP 
response to faces. Figure 5.4 illustrates these significant scalp-time clusters. The 
corresponding topographic maps from each odour/face condition for each significant 
cluster are shown with bar graphs representing the mean EEG scalp-amplitude (µV). 
There was a significant main effect of face valence on ERP responses to faces 
at 192 ms and 704 ms after face onset (uncorrected P < 0.001), coinciding with the 
N170 component and the late-LPP, respectively (see Figure 5.4A). Subsequent t-tests 
performed on EEG amplitude data from these two clusters showed that happy faces 
yielded stronger EEG amplitude than disgusted faces in both the 192 ms cluster 
(t(19) = -5.01, P < 0.001), and the 704 ms cluster (t(19) = -2.91, P = 0.009). 
Another statistically significant scalp-time cluster represented a main effect 
of odour on ERP responses to faces at 165 ms following face onset (unc. P < 0.001), 
in frontal electrodes during the N170 component (see Figure 5.4B). A confirmatory 
one-way ANOVA in this cluster showed a significant effect of odour (F(2, 38) = 
16.84, 
2
p = 0.47, P < 0.001). Pairwise comparisons indicated that there were 
significant differences in EEG amplitude between all three odour conditions (P < 
0.05): irrespective of face-valence, faces in the clean air condition produced a small 
negative amplitude (-0.24 ± 0.76), faces in the pleasant odour condition produced a 
very small negative amplitude (-0.1 ± 0.68), and faces in the unpleasant odour 
condition produced a positive amplitude (0.27 ± 0.95).  
  
103 
 
 
104 
 
Figure 5.4: Repeated-measures ANOVA showing the effects of the three odour conditions and two 
face conditions on ERP responses to faces. (A) Main effect of face-valence on ERP responses to faces 
across all odour conditions. The green panel shows statistically significant latency periods 
(uncorrected P < 0.001) in the scalp-time plot where F values represent the strength of variance 
between SOA conditions over the horizontal axis of the scalp in every time sample from 0 ms and 
1000 ms relative to the onset of the face photograph. The scalp values over the horizontal axis of the 
scalp are averages of F values occurring at each vertical point for a given horizontal point in the 
standardised scalp map (from -6.8 cm to +6.8 cm). There were two spatio-temporal clusters showing a 
statistically significant effect of face-valence. Below the green panel is the standard scalp map of 
statistically significant clusters using ERPs. The first significant cluster, labelled 1, occurred at 192 ms 
and had negative amplitude. The second, labelled 2, occurred at 704 ms and also had negative 
amplitude. Bar graphs illustrate the mean EEG amplitude for each cluster under each face condition 
(µV). White bars represent trials with happy faces, and black bars represent trials with disgusted faces. 
Asterisks indicate statistically significant differences between happy and disgusted face conditions (P 
< 0.05). Corresponding topographic maps of the numbered significant clusters for the two SOA 
conditions are shown. White circles with a black outline pinpoint the location of the significant 
electrode clusters. (B) Main effect of odour condition on ERP responses to faces across both face 
conditions. The green panel shows statistically significant latency periods (P < 0.05 FWE) in the 
scalp-time plot where F values represent the strength of variance between odour conditions. One 
spatio-temporal cluster showed a statistically significant effect of odour around the N170 component. 
Below the green panel is the standard scalp map of the statistically significant cluster. Bar graphs 
illustrate the mean EEG amplitude at this cluster under each odour condition (µV). The white bar 
represents the clean air condition (labelled CLA), the grey bar represents the pleasant odour condition 
(labelled JAS) and the black bar represents the unpleasant odour condition (labelled MERC). 
Asterisks indicate statistically significant differences between odour conditions (P < 0.05). 
Corresponding topographic maps of the significant cluster for the three odour conditions are shown. 
(C) Interaction between odour and face-valence condition affecting ERP responses to faces. The green 
panel shows statistically significant latency periods (P < 0.001 uncorrected) in the scalp-time plot. 
Two spatio-temporal clusters during the LPP showed were significantly affected by an interaction 
between odour and face-valence conditions. Below the green panel is the standard scalp map of the 
statistically significant clusters. The first significant cluster, labelled 1, occurred at 259 ms and had 
negative amplitude. The second, labelled 2, occurred at 352 ms and had positive amplitude. Bar 
graphs illustrate the mean EEG amplitude for each cluster under each condition (µV). White bars 
represent trials with happy faces, and black bars represent trials with disgusted faces. Odour 
conditions are labelled CLA, JAS, and MERC. Asterisks indicate statistically significant differences 
between happy and disgusted face conditions (P < 0.025). Corresponding topographic maps of the 
numbered significant clusters for all conditions are shown. 
 
An interaction between odour and face-valence yielded a significant effect on 
ERP responses to faces in two scalp-time clusters (unc. P < 0.001, see Figure 5.4C). 
One such interaction occurred at 259 ms following face onset (F(2, 38) = 7.77, 
2
p = 
0.29, P = 0.003). Post-hoc t-tests were employed to further investigate this 
interaction. These showed that happy faces produced a significantly greater negative 
potential at right frontal electrodes (-0.42 ± 0.58) than disgusted faces (-0.02 ± 0.79) 
in the clean air condition (t(19) = -3.63, P = 0.002), and that disgusted faces 
produced a significantly greater negative potential (-0.32 ± 0.48) than happy faces (-
0.06 ± 0.81) in the unpleasant odour condition (t(19) = 2.19, P = 0.04). There was no 
significant difference in the amplitude produced by happy and disgusted faces in the 
pleasant odour condition (P > 0.05). An interaction between odour and face valence 
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also occurred at 352 ms following face onset (F(2, 38) = 5.98, 
2
p = 0.24, P = 0.01). 
Post-hoc t-tests showed that disgusted faces produced a greater positive potential at 
left frontal-parietal electrodes (0.29 ± 0.68) than happy faces (-0.01 ± 0.48) in the 
clean air condition (t(19) = -2.78, P = 0.01), and that happy faces produced a greater 
positive potential (0.21 ± 0.5) than disgusted faces (-0.76 ± 0.52) in the unpleasant 
odour condition (t(19) = 2.76, P = 0.01). There was no significant difference in ERP 
amplitudes produced by happy and disgusted faces in the pleasant odour condition (P 
> 0.05).  
 
5.4.5 Respiratory movements 
 
 Figure 5.5A shows averaged respiratory waveforms for each condition in a 7 
s interval, beginning at odour onset. A repeated-measures ANOVA (2 face-types, 3 
odours) showed a statistically significant effect of odour during the interval 1530–
2215 ms (P < 0.05), and a significant interaction between face valence and odour 
during the interval 1434–1796 ms (P < 0.05). Given that these intervals overlapped, 
it is likely that the main effect in the interval 1530–2215 ms was driven by the 
interaction during the interval 1434–1796 ms. To analyse these effects further, 
respiratory movement data from these intervals were subjected to repeated measures 
ANOVAs in SPSS. This confirmed a significant effect of odour on respiratory 
movements during the interval 1530–2215 ms (F(2, 38) = 3.53 
2
p = 0.16, P = 0.05), 
where pairwise comparisons confirmed a significant difference in respiratory 
movements between the jasmine and methylmercaptan odour conditions (P = 0.04). 
Inspiration was reduced during stimulation with methylmercaptan, compared to 
jasmine odour (see Figure 5.5A & 5.5B). Further analysis confirmed the interaction 
between odour and face valence during the interval 1434–1796 ms (F(2, 38) = 3.44, 
2
p = 0.15, P = 0.05), and post hoc t-tests revealed that this interaction was 
representative of a marginally significant difference between respiratory movements 
in trials presenting happy faces compared to those presenting disgusted faces in the 
unpleasant odour condition only (t(19) = 1.8, P = 0.09). Inspiration was reduced 
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during presentation of disgusted faces compared to presentation of happy faces in the 
unpleasant odour condition (see Figure 5.5A & 5.5C).  
Intervals showing significant effects of odour and face valence on respiratory 
movements overlapped with the period in which ERPs were recorded and analysed. 
However, repeated measures ANCOVA showed that there were no statistically 
significant covariate effects of respiratory movements on ERP data from any of the 
five significant scalp-time clusters (P > 0.05). Therefore, it is unlikely that 
differences in respiratory movements directly affected odour- or face-related ERP 
changes.  
107 
 
  
  
Figure 5.5: (A) Average 
respiratory waveforms for each 
condition. Respiratory movement 
signals from every subject across 
all trials were averaged over a 
period of 7 seconds, beginning at 
odour onset (Time 0). The blue 
line represents clean air trials 
using happy faces (denoted as ‘Cla 
H’), the red line represents 
pleasant odour trials using happy 
faces (‘Jas H’) and the yellow line 
represents unpleasant odour trials 
using happy faces (‘Merc H’). The 
pink line represents clean air trials 
using disgusted faces (‘Cla D’), 
the green line represents pleasant 
odour trials using disgusted faces 
(‘Jas D’) and the black line 
represents unpleasant odour trials 
using disgusted faces (‘Merc D’). 
Upwards deflection of respiratory 
signals corresponds to inspiration. 
The dashed line indicates the 
significant main effect of odour at 
1530-2215 ms. The more solid line 
represents the significant 
interaction between odours and 
faces at 1434-1796 ms. (B) Mean 
respiratory amplitudes showing 
the main effect of odour condition 
during the interval 1530-2215 ms. 
An asterisk indicates the 
significant difference between the 
pleasant and unpleasant odour 
conditions (P < 0.05). (C) Mean 
respiratory amplitudes showing 
the interaction between odour and 
face conditions during the interval 
1434-1796 ms. An asterisk 
indicates the marginally significant 
difference between happy and 
disgusted face conditions in the 
unpleasant odour condition (P = 
0.09). 
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5.5 Discussion 
 Pleasant and unpleasant odours influenced evaluations of happy and 
disgusted facial expressions, and these effects were modulated by odour-face 
congruency. The effects were reciprocal: happy and disgusted faces also affected 
evaluations of odour pleasantness and intensity. Effects of odour-face interactions 
manifested in changes in cortical potentials during the N200 and N400 components 
of face ERPs. Moreover, respiratory movements were reduced when disgusted faces 
were presented in an unpleasant odour context. 
 Happy faces in the congruent, pleasant odour condition were rated as most 
pleasant, happy faces in the unpleasant odour condition were rated as least pleasant, 
and happy faces in the clean air condition were rated between the two. This finding 
corresponds with previous results showing that odour valence linearly modulated 
evaluations of neutral faces (Cook et al., 2015; Seubert et al., 2014). Disgusted faces 
were rated as significantly less pleasant when they were presented with a congruent, 
unpleasant odour, compared to the same faces paired with a pleasant odour or no 
odour. The lack of difference between ratings of disgusted faces in the clean air and 
pleasant odour conditions may be attributable to the stronger influence of a negative 
odour on evaluations. This is consistent with the negative bias hypothesis, which 
states that the influence of negative stimuli is often greater than the influence of 
positive stimuli of the same intensity (T. A. Ito et al., 1998; Smith et al., 2003; Smith 
et al., 2006). Indeed, previous studies have shown that unpleasant odours increase 
aversion to other unpleasant events, whereas pleasant odours had no effect (Stancak 
et al., 2015). The increase and decrease in pleasantness ratings of happy and 
disgusted faces paired with pleasant and unpleasant odours, respectively, further 
suggests that the congruency of odour-face valence has a role in the subjective 
evaluation of facial expressions (Leleu, Godard, et al., 2015; Leppanen & Hietanen, 
2003). In particular, stronger subjective reactions to disgusted faces in the presence 
of an unpleasant odour may be characteristic of an evolutionarily adaptive response 
to combined aversive stimuli from visual and olfactory modalities.  
 Interestingly, regardless of valence, all odours were rated as more pleasant 
when paired with happy faces compared to when they were paired with disgusted 
faces. The unpleasant odour was also rated as more intense when paired with 
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congruent, disgusted face stimuli. These findings are consistent with previous results 
from studies using images and symbols as visual stimuli (Pollatos et al., 2007; Seo, 
Arshamian, et al., 2010), and novel in the respect that emotional faces were also able 
to induce such effects. Our results demonstrate not only that pleasant and unpleasant 
odour can influence continuous subjective evaluations of happy and disgusted faces, 
but also that emotional faces can affect perceptions of odour pleasantness and 
intensity. Congruency between odour-face pairs clearly has a role in these effects.  
 Odour-face interactions were observed during the N200 component of face 
ERPs. The N200 has been implicated in the analysis, discrimination and 
classification of visual stimuli (Naatanen & Picton, 1986; Ritter, Simson, & 
Vaughan, 1983). In the clean air condition, happy faces produced greater negative 
potential amplitude than disgusted faces. In the unpleasant odour condition, 
disgusted faces produced greater negative potential amplitude than happy faces, 
suggesting some congruency effects. In the pleasant odour condition, face valence 
did not differentiate the potential amplitude. A similar, but reversed effect was found 
in the N400 component, which is known to be involved in processing contextual 
information about faces (Kutas & Federmeier, 2011): Disgusted faces produced 
greater positive potential amplitude than happy faces in the clean air condition, and 
happy faces produced a greater positive potential amplitude than disgusted faces in 
the unpleasant odour condition, suggesting an effect of incongruity. Again, there was 
no difference in the amplitude produced by happy and disgusted faces in the pleasant 
odour condition.  
Pleasant odour appeared to induce a moderate response to faces in both 
components, regardless of the face valence. A possible explanation for this is that the 
hedonic state induced by the pleasant odour was strong enough to mask any 
interactions with congruent or incongruent faces, whereas congruency effects took 
hold in the neutral and unpleasant odour conditions. Happy and disgusted faces may 
have been perceived as congruent or incongruent with clean air or unpleasant odour, 
and vice versa, resulting in increased cortical potentials for such congruent and 
incongruent pairings. These findings are consistent with those of Castle et al. (2000), 
who showed significant differences in the N400 for congruent versus incongruent 
stimuli in an unpleasant odour condition, but not in a pleasant odour condition. Our 
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results are also partially consistent with those of Leleu, Godard, et al. (2015), who 
found odour-face interactions during the P200, and showed that unpleasant odour 
context amplified the difference in responses to neutral versus happy and disgusted 
faces. However, their results suggested that unpleasant odour context increased 
responses to emotional faces in general, regardless of the face valence. On the other 
hand, our results suggest that unpleasant and no odour contexts amplified the 
difference between happy and disgusted faces, whilst pleasant odour context 
eliminated congruency effects in N200 and N400 components. 
Recent studies from the more general evaluative priming literature suggest 
that evaluative incongruity is represented in the LPP and N400 components (Herring 
et al., 2011; Zhang, Li, Gold, & Jiang, 2010). Herring et al. (2011) argued that the 
N400 may be more specifically involved in semantic, rather than evaluative 
incongruity, and cross-modality priming. Our results showed an effect of incongruity 
during the N400, and therefore support and extend the finding that the N400 
represents effects of congruency in cross-modal priming (Zhang et al., 2010). 
Encoding perspectives of evaluative priming suggest that primes activate object-
evaluation associations in memory that make the valence of targets more accessible, 
thus facilitating evaluative priming. On the other hand, response perspectives suggest 
that primes influence the ease with which a person can generate a response to the 
target. A recent meta-analysis of evaluative priming studies argued that both 
encoding and response processes are involved in most cases, depending on the task 
(Herring et al., 2013). The present study observed effects of evaluative congruency in 
ERP responses to faces, likely an encoding phase, as well as in subjective 
behavioural responses. Our results therefore support the findings of Herring et al. 
(2013), and contribute that both encoding and response mechanisms were involved in 
evaluative priming where odours and faces served as cross-modal primes and targets. 
 An interesting odour-face interaction was also observed in the respiratory 
movement data. In the unpleasant odour condition, inspiration was significantly 
reduced during presentation of disgusted faces compared to happy faces. Decreased 
inspiration when an unpleasant olfactory stimulus was simultaneously paired with a 
congruent unpleasant visual stimulus is another example of the adaptive role of 
olfactory-visual integration in our multisensory environment. Indeed, aversive 
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odours act as a warning about dangers in our surroundings and evoke withdrawal 
reflexes (Stevenson, 2010). Evidently, this warning is heightened when an odour is 
accompanied by a congruent visual stimulus, resulting in decreased inspiration in the 
case of the present study. Previous studies showed enhanced skin conductance 
responses for unpleasant images combined with unpleasant odour (Banks et al., 
2012), and decreased inspiratory time and breath duration for high arousal and 
unpleasant stimuli (Gomez et al., 2004; Ritz et al., 2000). 
A main effect of odour, irrespective of face valence, was observed in the 
N170 component of face ERPs. The unpleasant odour produced the greatest positive 
potential amplitude, the pleasant odour produced very small negative amplitude, and 
clean air produced negative amplitude. The findings are partially consistent with 
those of Leleu, Godard, et al. (2015), who showed a generic enhancement of the 
EEG response to faces, regardless of their emotional content, between 130 and 180 
ms after face onset when faces were presented with an odour. Moreover, results from 
our previous study showed an increase in N170 amplitude when faces were presented 
in the presence of an odour (Cook et al., under review). It is likely that faces 
presented in the unpleasant odour condition produced the largest N170 amplitude due 
to greater salience of the unpleasant odour. This is consistent with the 
aforementioned negative bias hypothesis (T. A. Ito et al., 1998), and may further 
represent an evolutionary adaptive response to aversive stimuli.  
 An effect of face valence, regardless of odour condition, was observed in the 
N170 and late-LPP components of face ERPs. Happy faces produced a stronger 
amplitude potential across all odour conditions than disgusted faces. Whilst previous 
studies have suggested that the N170 response is similar across faces, irrespective of 
emotional expression (Martin Eimer & Holmes, 2007; M. Eimer, Holmes, & 
McGlone, 2003), others have found differential effects depending on emotional 
expression (Batty & Taylor, 2003). The LPP is also known to be sensitive to the 
valence of pictures, words and faces (Cacioppo et al., 1993; Cuthbert et al., 2000; 
Hajcak et al., 2007; Hajcak et al., 2006). It is possible that happy faces resulted in 
increased cortical amplitude potentials due to a boosting effect of positive valence, in 
the same way that the pleasant odour context masked effects of congruency in odour-
face interactions. We argue that happy faces may have had a greater activation effect 
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on reward circuitry or valuation structures in the brain (Lebreton et al., 2009). This 
may apply in particular to the cluster in the N170, as it was located in frontal 
electrodes and is thus more likely to represent activity of reward structures such as 
the orbitofrontal cortex.  
 In summary, the results show that pleasant and unpleasant odours are able to 
influence evaluations of both happy and disgusted facial expressions, and that these 
facial expressions are also able to modulate evaluations of odour pleasantness and 
intensity. It is clear that odour-face congruency has a role in these effects. Olfactory-
visual interactions were represented in the N200 and N400 components of face 
ERPs. The effects of odour-face congruency were apparent in clean air and 
unpleasant odour conditions, whilst these were masked by a pleasant odour context. 
It is possible that the hedonic state induced by the pleasant odour was able to mask 
congruency effects. Congruent pairings of unpleasant odour and disgusted faces 
resulted in stronger shifts in face evaluation, increased odour intensity ratings and a 
decrease in inspiration. It is likely that the multisensory combination of congruent 
aversive olfactory and visual stimuli heightens withdrawal behaviours as part of an 
adaptive mechanism. Results also suggest that both encoding and response 
mechanisms are involved in cross-modal evaluative priming. 
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Chapter 6 
 
Olfactory-visual integration in the frontal cortex during a hedonic 
rating task: an fMRI study. 
 
This experiment investigated the effects of a pleasant odour on evaluations of 
flowers and objects using fMRI. 
It is currently in preparation for publication for a journal to be confirmed. 
The roles of the co-authors are summarised below: 
I designed the study in collaboration with Andrej Stancak, and collected the data. 
John Tyson-Carr assisted with the data collection. Andrej Stancak and Nicholas 
Fallon provided expertise on the experimental set-up. Andrej Stancak and Nicholas 
Fallon provided training on the data analysis. John Tyson-Carr assisted with some 
analysis. I analysed the data, interpreted the results, and wrote the manuscript. 
Nicholas Fallon and Andrej Stancak provided useful comments during the 
preparation of the manuscript.  
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6.3 Abstract 
 
Areas of the frontal cortex are known to be involved in evaluative decision 
making, but it is not known how subjective evaluative processes are represented in 
the brain in the context of a pleasant odour, and how this relates to olfactory-visual 
congruency. The present study aimed to investigate the neural basis of pleasant odour 
effects on subjective hedonic evaluations of congruent and incongruent visual 
stimuli, using event-related fMRI. 
 Twenty participants provided pleasantness ratings (value-based judgement) 
and colour ratings (perceptual judgement) of pictures of objects and pictures of 
flowers under a pleasant, floral odour condition and a no odour control condition 
during a single scanning session. Ratings of odour pleasantness and intensity were 
also recorded. 
Floral odour improved subjective evaluations of all visual stimuli, whilst 
pictures of flowers increased pleasantness and intensity ratings of floral odour and 
clean air. Odour-related activations were observed in the amygdala. The superior 
frontal gyrus (part of the dorsomedial prefrontal cortex, dmPFC) and middle frontal 
gyrus were activated during hedonic evaluations, where activity in the superior 
frontal gyrus was boosted by a pleasant odour context. Olfactory-visual congruency 
effects were observed in associative brain regions and the insula. These effects were 
also related to subjective hedonic evaluations. 
Our results support evidence for the role of the dmPFC in subjective 
valuation, and contribute that such activation can be boosted by a pleasant odour. 
Activity in associative brain regions and insula may reflect the representation of 
congruency and the encoding of hedonic value in the brain. A general priming effect 
of pleasant odour on subjective ratings of pictures, accompanied by increased 
activity in the amygdala during odour stimulation provides further evidence for the 
involvement of the amygdala in encoding hedonic valence. 
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6.2 Introduction 
 
Evidence for the multisensory integration of olfactory and visual information 
is becoming increasingly well documented in sensory literature. Authors have argued 
that high level visual-olfactory cross-modal interactions are automatic (Dematte et 
al., 2009). Pleasant and unpleasant odours can influence hedonic evaluations of 
neutral or abstract images (Knasko, 1995; van Reekum et al., 1999) and human faces 
(Cook et al., 2015; Dematte et al., 2007; Li et al., 2007; McGlone et al., 2013). 
However, such olfactory-visual interactive effects on evaluations are often 
modulated by congruency between the odour and the visual stimulus (Bensafi, 
Pierson, et al., 2002; Leppanen & Hietanen, 2003; Seo, Roidl, et al., 2010). Gottfried 
and Dolan (2003) showed that odours were identified quicker when paired with 
congruent pictures. This facilitation was accompanied by enhanced activity in 
rostromedial orbitofrontal cortex (OFC), providing evidence for the convergence of 
visual and olfactory information in the OFC. 
 
Recent studies have investigated the evidence for a valuation system in the 
brain that encodes subjective preferences and values of objects. Whilst animal 
studies have suggested that OFC encodes subjective value in non-human primates 
(Padoa-Schioppa, 2009; Padoa-Schioppa & Assad, 2006; Tremblay & Schultz, 
1999), recent human data has suggested that the brain’s valuation system includes 
ventromedial prefrontal cortex (vmPFC), dorsomedial prefrontal cortex (dmPFC), 
ventral striatum, and insula (Abitbol et al., 2015; Bartra et al., 2013; Lebreton et al., 
2009). Studies have shown that value-based evaluative processes and related brain 
structures are activated automatically upon viewing an object; regardless of whether 
or not the task is to explicitly report the subjective judgement (Abitbol et al., 2015; 
Kühn & Gallinat, 2012; Lebreton et al., 2009; Levy et al., 2011). Further, one such 
study showed that a musical context influenced subjective value judgements and 
corresponding vmPFC activity (Abitbol et al., 2015). It is likely that an odour context 
would also influence subjective values and activity in the brain valuation system, but 
this has not yet been investigated. For example, if objects were presented with a 
pleasant odour, they may be evaluated more positively, particularly if congruent with 
the odour (Cook et al., 2015; Dematte et al., 2007; Knasko, 1995; McGlone et al., 
2013).  
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The present study aimed to investigate how combinations of congruent visual 
and olfactory stimuli affect the brain valuation system during explicit, value-based 
judgements versus distractive, cognitive judgements of the visual stimuli. We predict 
that a pleasant odour will increase hedonic ratings of all visual stimuli, with an 
increased effect for congruent images. Pleasant odour context may mediate 
valuation-related activations in structures associated with the brain valuation system, 
such as OFC, vmPFC or dmPFC. 
 
6.3 Methods and materials 
 
6.3.1 Participants 
 
A total of 20 (10 male) healthy participants aged 18−31 years (mean ± 
standard deviation: 23.55 ± 3.37) took part in the experiment after giving written 
informed consent in accordance with the Declaration of Helsinki. The study was 
approved by the Research Ethics Committee at the University of Liverpool. All but 
four participants were right handed. All participants were initially screened in a 
separate session using the Sniffin’Sticks (Hummel et al., 1997) test battery to ensure 
adequate odour identification ability. Safety screening was carried out by a research 
radiographer to ensure participant safety in the scanner. Participants were reimbursed 
for their time and travel expenses.  
 
6.3.2 Visual and odour stimuli 
 
 Twelve pictures of flowers and twelve pictures of neutral objects were used 
in the experiment, for a total of 24 images. Flower pictures were selected on the basis 
of an unpublished study, which showed congruency effects demonstrated by reaction 
time when they were paired with a pleasant, floral odour (Fallon, in preparation). 
Object pictures were a mixture of household and leisure items, used in previously 
published work (Wright et al., 2015). All pictures were 492 × 330 pixels, with a 
consistent light background. 
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Odours were administered using a custom-built, continuous airflow, 
computer-controlled olfactometer with 8 channels (Dancer Design Ltd., UK). Odour 
pulses were embedded within a constant flow of clean air, in order to avoid effects of 
a sudden increase in airflow associated with presentation of an odour (Huart et al., 
2012). Airflow was kept constant at 4 l/min. Odours and clean air flowed through 
two tubes situated approximately two centimetres away from the nostrils, achieved 
by attaching the olfactometer head piece to the scanner head coil. 
There were two odour conditions in the experiment; pleasant, ‘floral’ odour 
and a neutral, ‘clean air’ control. The floral odour (Mistral Industrial Chemicals, 
Northern Ireland) was diluted at 1% in Propylene Glycol, based on perceived 
intensity data from a pilot study (N = 5). Propylene Glycol (1,2-Propanediol 99%, 
Sigma-Aldrich Ltd., UK) was used for dilution, clean air control and constant flow.  
Both presentation of the experimental task stimuli and triggering of the odour 
valves were achieved using Cogent 2000 v. 1.32 software (Wellcome Department of 
Imaging Neuroscience, United Kingdom), as implemented in MATLAB 2013 (The 
MathWorks, Inc., USA).  
 
6.3.3 Procedure 
 
The experimental session lasted around two hours in total, including 
instructions, equipment set up, practice trials, baseline odour ratings and the 
experimental task. After being provided with some instructions about the experiment, 
participants entered the scanner room where they were asked to apply a respiratory 
belt and ear plugs. Once participants were comfortable on the scanner table, the head 
coil was adjusted to the correct position to accommodate the olfactometer head piece 
and tubing. Participants viewed the experimental task through a mirror reflecting a 
computer display projected onto a screen in the back of the scanner. Task ratings 
were completed using an MR compatible trackball mouse (Trackball 2, Current 
Designs Inc., Philadelphia, USA). Before scanning, participants completed five 
practice trials each consisting of two mock visual analogue scales to familiarise them 
with the use of the trackball. Ratings of pleasantness, intensity, and familiarity were 
also recorded for both the clean air and floral odour before scanning. For these 
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baseline ratings, four-second pulses of each were administered individually. On-
screen visual analogue scales then prompted participants to rate the pleasantness 
(from 0 – very unpleasant to 100 – very pleasant), intensity (0 – no odour to 100 – 
very intense odour) and familiarity (0 – not familiar at all to 100 – extremely 
familiar) of the odour or clean air using the trackball mouse.    
The experimental task was split into two blocks of 48 trials (96 trials in total), 
each lasting approximately 25 minutes. In one half of the trials, the floral odour was 
administered, and in the other half of trials, no odour was administered (continuous 
flow of clean air). In one half of the trials, flower pictures were presented, whilst in 
the other half of trials, object pictures were presented. Further, in one half of the 
trials, participants were instructed to rate the pleasantness of the item in the picture 
using a visual analogue scale (from 0 – very unpleasant to 100 – very pleasant). In 
the other half of trials, the instruction was to rate the proportion of colour of the item 
in the picture. For example, if the picture showed a pink and yellow flower, 
participants would rate closer to one end of the scale if the flower was mostly pink, 
or to the other end of the scale if it was mostly yellow (e.g. from 0 – pink to 100 – 
yellow). The colour rating served as the control rating condition. Therefore, the 
experiment took a 2 × 2 × 2 design with 8 conditions, where the factors were odour 
(floral vs clean air), picture type (flowers vs objects) and rating condition (hedonic 
rating vs control rating). Trials were pseudo-randomly ordered such that each of the 
24 images appeared four times: twice with the floral odour/clean air and twice 
requiring a hedonic/perceptual evaluation.    
Figure 6.1 shows a flowchart of the trial procedure. Each trial began with a 
7.5 s resting interval during which participants viewed a white cross on a black 
background. Following this, a rating instruction (PLEASANTNESS or COLOUR) 
was displayed in white text for 2 s, before a red cross was displayed for a further 2 s. 
Participants were instructed to exhale while the red cross was displayed, in 
preparation to inhale (with the specific instruction not to ‘sniff’, in order to avoid 
percept-unrelated activations in olfactory structures, Mainland & Sobel, 2006) when 
a green cross was displayed for 1 s. In floral odour trials, odour onset coincided with 
onset of the green cross. Following this, an object or flower picture was displayed on 
screen for 2.5 s. Odour offset coincided with offset of the picture. Hence, odour 
pulses were 3.5 s in duration. Immediately after odour and picture offset, participants 
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were prompted to rate either the pleasantness or the colour of the object (5 s), 
followed by the pleasantness (from 0 – very unpleasant to 100 – very pleasant) and 
the intensity (0 – no odour to 100 – very intense odour) of any odour they 
experienced during that trial using the scales on screen (7 s).  
 
Figure 6.1: Flowchart of experimental trial procedure. 
 
6.3.4 Image Acquisition 
 
Scanning was carried out at the Magnetic Resonance and Image Analysis 
Research Centre (MARIARC) at the University of Liverpool using a whole-body 
Siemens Trio 3T scanner (Siemens, Erlangen, Germany) with an eight-channel 
radiofrequency head-coil. Foam padding and cheek clamps were used to restrict head 
movement. As required by MARIARC safety protocol, a clinical T2-weighted 
anatomical scan was acquired. This scan was not used for research purposes, but was 
evaluated by a qualified clinician for medical anomalies or incidental findings that 
would require further investigation. Following the clinical scan, a high-resolution 
(1mm3) 3-dimensional T1-weighted scan was acquired. For the two functional scans, 
two dummy scans from the start of each block were discarded, in order to remove T1 
saturation effects. An echo planar imaging (EPI) sequence was used to acquire 
functional images covering the whole brain (37 axial slices), TR = 2200 ms, TE = 30 
ms, slice order = interleaved ascending, flip angle = 90°, matrix = 64 × 64, field of 
view = 192 mm, slice thickness = 3 mm (0.6 mm spacing), voxel size at acquisition = 
3.0 × 3.0 × 3.0 mm. 
120 
 
6.3.5 Behavioural analyses 
 
Ratings of odour pleasantness, intensity and familiarity taken before scanning 
were analysed using paired t-tests. Data from the experimental task were analysed 
using repeated measures ANOVAs. A 2 × 2 repeated measures ANOVA was used to 
analyse differences in picture pleasantness ratings depending on odour and rating 
condition. Picture colour ratings were not analysed as they constituted a nonsense 
control variable. Further, 2 × 2 × 2 repeated measures ANOVAs were used to 
analyse differences in odour pleasantness and intensity depending on the odour, 
rating, and picture condition. Significant interactions were followed up with post-hoc 
2 × 2 ANOVAs and paired t-tests, using Bonferroni correction for multiple 
comparisons. P values in all ANOVA effects were adjusted using the Greenhouse-
Geisser method. All behavioural data was analysed using SPSS v. 22 software 
package (IBM Inc., USA). 
 
6.3.6 fMRI data analyses 
 
Spatial pre-processing of functional data was performed in SPM12 running in 
MATLAB 2014b. Functional volumes underwent slice-timing correction, 
realignment, normalisation to MNI (Montreal Neuroimaging Institute) space using 
the normalised EPI template image in SPM and spatial smoothing (8 mm full width 
half maximum Gaussian kernel filter) (Friston, 2004). 
First, for each participant, 660 scans per functional block were entered into a 
first level design including movement parameters as regressors, to define effects of 
condition. Scans from each condition were then combined across blocks by 
computing first level contrasts, resulting in 8 contrast images (1 per condition) per 
participant. Picture ratings were then included as covariates in this first level design 
and the same contrasts per subject per condition were computed.  
At the second level, the first set of contrast images (no covariates) were 
entered into a 2 × 2 × 2 flexible factorial ANOVA including subjects as a variable 
(Glascher & Gitelman, 2008), to explore main effects of odour and rating condition. 
The main effect of picture type was not investigated, as it was beyond the scope of 
our hypotheses. We were only interested in effects of picture type in the context of a 
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congruent odour. The following contrasts were computed to explore these effects: 
odour > clean air, clean air > odour, hedonic rating > control rating. The contrast, 
control rating > hedonic rating was not investigated, as it was not relevant to the 
research question. In order to fully explore interactions in the effects of interest, 
further 2 × 2 flexible factorial ANOVAs were computed with data from the floral 
odour condition and hedonic rating condition, separately. For the floral odour 
condition, contrasts computed were: hedonic rating > control rating, flowers > 
objects, and interaction rating condition × picture type. In the hedonic rating 
condition, the following contrasts were computed: odour > clean air, flowers > 
objects, interaction odour × picture type. 
To analyse the effects of odour, rating condition and picture type on BOLD 
activation that were specifically related to subjective picture ratings, contrast images 
that included picture ratings as covariates were entered into the three-way flexible 
factorial design, and the same contrasts were computed. In order to fully explore 
interactions also related to subjective picture ratings, contrast images from the floral 
odour condition including picture ratings as covariates were entered into a 2 × 2 
flexible factorial design. The following contrasts were computed: hedonic rating > 
control rating and interaction rating condition × picture type. Further, a 2 × 2 flexible 
factorial ANOVA was computed with images from the hedonic rating condition 
including picture ratings as covariates, where the interaction between odour and 
picture type was investigated. These designs were identical to those discussed above, 
except with picture ratings included as a covariate.        
A liberal threshold of uncorrected P < 0.001, with a minimum cluster size of 
20 voxels (k = 20) was employed in the second level contrasts, given the exploratory 
nature of the research question. Significant clusters and sub-clusters were selected as 
regions of interest (ROIs), and defined as 5 mm diameter spheres using MNI co-
ordinates in the MarsBaR 0.44 toolbox for SPM12 (http://marsbar.sourceforge.net/; 
Brett, Anton, Valabregue, & Poline, 2002). BOLD data for each condition for each 
ROI were then extracted and analysed using further 2 × 2 × 2 repeated measures 
ANOVAs in SPSS, with a confirmatory threshold of P < 0.05. Significant 
interactions were followed up with post-hoc 2 × 2 ANOVAs and paired t-tests.  
Significant effects found in the left amygdala were followed up with further 
confirmatory analyses on a pre-defined small volume, using left amygdala co-
ordinates from a meta-analysis by Wager, Phan, Liberzon, and Taylor (2003) (MNI 
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co-ordinates x = -22, y = -4, z = -14). These co-ordinates were used to create a 5 mm 
diameter sphere in the MarsBaR toolbox, where data was extracted and analysed 
further in SPSS, in line with the previous confirmatory analyses. 
  
6.3.7 Respiratory movement signals 
 
Participants’ respiration was recorded continuously throughout the 
experiment with a respiratory bellows gating belt worn around the chest at the level 
of the epigastrium. Signals were transduced and extracted using LabChart 7 
(ADInstruments Ltd., Oxford, UK). Respiratory movement signals were low-pass 
filtered, baseline corrected and averaged separately for each of the 8 conditions. The 
epochs of interest were then analysed statistically using a 2 × 2 × 2 repeated 
measures ANOVA in SPSS.  
 
6.4 Results 
 
6.4.1 Baseline odour ratings 
 
Mean ratings of pleasantness, intensity and familiarity for both the floral 
odour and clean air taken before scanning are shown in Table 6.1. Paired samples t-
tests confirmed that the floral odour was rated as significantly more pleasant (t(19) = 
-6.49, P < 0.001), and significantly more intense (t(19) = -10.46, P < 0.001) than 
clean air. There was no significant difference in familiarity ratings of clean air and 
floral odour (P > 0.05).   
 
Table 6.1: Mean (± standard deviation) ratings of odour pleasantness, intensity and familiarity. 
 Pleasantness Intensity Familiarity 
Clean Air 53.7 (± 8.78) 22.35 (± 19.32) 57.1 (± 25.02) 
Floral Odour 72.1 (± 9.7) 64.65 (± 13.01) 62.25 (± 16.17) 
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6.4.2 Picture pleasantness ratings 
 
 Figure 6.2A shows the mean pleasantness ratings of flower and object 
pictures under each odour condition. A 2 × 2 (odour × picture type) repeated 
measures ANOVA showed a significant main effect of odour on picture pleasantness 
ratings (F(1, 19) = 15.89, P = 0.001), confirming that all pictures were rated as more 
pleasant overall when they were presented with the floral odour (mean ± standard 
deviation, 53.65 ± 24.17) in comparison to when they were presented with clean air 
(45.23 ± 23.92). There was also a significant main effect of picture type on picture 
pleasantness ratings, confirming that pictures of flowers were rated as significantly 
more pleasant (69.82 ± 12.21) than pictures of objects (29.07 ± 14.57). There was no 
significant interaction between odour and picture type affecting picture pleasantness 
ratings (P > 0.05).  
 
6.4.3 Odour pleasantness and intensity ratings 
 
Figures 6.2B and 6.2C show the mean pleasantness and intensity ratings of 
the floral odour and clean air taken throughout the experimental task under each 
experimental condition, respectively. A 2 × 2 × 2 (odour × rating condition × picture 
type) repeated measures ANOVA revealed a significant effect of odour on odour 
pleasantness ratings (P < 0.001), confirming that the floral odour was rated as 
significantly more pleasant than clean air. There was also a significant main effect of 
picture type on odour pleasantness ratings (P < 0.001), revealing that both clean air 
and floral odour were always rated as more pleasant when paired with pictures of 
flowers compared to when they were paired with pictures of objects. The data 
showed a main effect of rating condition on odour pleasantness ratings (P = 0.005), 
suggesting that odours were rated as more pleasant when the instruction was to rate 
the pleasantness of the picture in that trial, compared to trials where the instruction 
was to rate the colour of the flower or object in the picture. Significant interactions 
between odour and picture type and odour and rating condition also affected odour 
pleasantness ratings (P < 0.05). There was no significant interaction between rating 
condition and picture type (P > 0.05), however, there was a significant three-way 
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interaction between odour, picture type and rating condition affecting odour 
pleasantness ratings (P < 0.05). 
To further investigate the interactions of interest, post-hoc 2 × 2 (rating 
condition × picture type) ANOVAs were computed on pleasantness ratings for the 
floral odour and clean air conditions separately. These revealed a significant main 
effect of rating type affecting pleasantness ratings of the floral odour (P < 0.001), 
suggesting that it was always rated as more pleasant when the instruction was to rate 
the pleasantness of the flower or object in the picture in comparison to when the 
instruction was to rate the colour of the flower or object. The data also showed a 
significant main effect of picture type on pleasantness ratings of the floral odour (P < 
0.001), suggesting that the floral odour was always rated as more pleasant when 
paired with pictures of flowers in comparison to when it was paired with pictures of 
objects. A significant interaction between picture type and rating condition (P = 
0.004) and post hoc t-tests indicated that when the floral odour was paired with 
pictures of flowers, it was rated as more pleasant when the trial instruction was to 
rate the pleasantness of the flowers compared to when the instruction was to rate the 
colour of the flowers (P < 0.001). When the floral odour was paired with pictures of 
objects, there was no significant difference in odour pleasantness ratings between 
rating conditions (P > 0.05).  
There was a significant main effect of picture type on pleasantness ratings of 
clean air (P = 0.04), suggesting that clean air was rated as significantly more pleasant 
when it was paired with pictures of flowers compared to when it was paired with 
pictures of objects. However, there was no significant effect of rating condition (P > 
0.05), nor a significant interaction between rating condition and picture type 
affecting pleasantness ratings of clean air (P > 0.05). Odour intensity ratings showed 
the exact same pattern of effects as odour pleasantness ratings (see Figures 6.2B & 
6.2C).  
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Figure 6.2: Behavioural data. (A) Mean picture pleasantness ratings under each condition. Black bars 
represent ratings of pictures of flowers, and white bars represent mean ratings of object pictures. Error 
bars represent 95% confidence intervals. Asterisks highlight significant differences between flower 
and object pictures (P < 0.05, Bonferroni corrected). (B) Mean odour pleasantness ratings under all 
experimental conditions. Black bars represent ratings from trials that required a hedonic rating of the 
picture; white bars represent trials that required participants to rate the colour of the picture (control). 
Error bars represent 95% confidence intervals. Asterisks highlight significant differences between 
flower and object pictures and hedonic and control rating conditions (P < 0.05, Bonferroni corrected). 
(C) Mean odour intensity ratings under all experimental conditions. Specifications are identical to (B). 
126 
 
6.4.4 fMRI data 
 
We first present whole-brain analyses investigating effects of odour and 
hedonic rating. To explore how such effects were specifically related to subjective 
hedonic ratings of pictures, we then report whole brain analyses from the conditions 
of interest, using picture ratings as a covariate. Given that a liberal, uncorrected 
threshold of P < 0.001 was employed, whole brain results must be considered 
exploratory. 
 
6.4.4.1 Whole brain analyses without covariates 
 
A 2 × 2 × 2 ANOVA across all data revealed a significant main effect of 
odour (uncorrected P < 0.001). The contrast odour > clean air revealed 2 significant 
clusters in the left amygdala and right parahippocampal gyrus (see Table 6.2 and 
Figure 6.3). Significant clusters were defined as ROIs from which data was extracted 
and further analysed. For each ROI, Tables 6.2−6.7 list the anatomical location, MNI 
co-ordinates, hemisphere, T value, cluster size and Brodmann area, along with F 
values and P values for the statistical effects. All main effects are discussed. Some 
interaction effects are not discussed as they were beyond the scope of the research 
question. Further analyses revealed greater activation in both the amygdala and 
parahippocampal gyrus in the floral odour condition compared to the clean air 
condition. There was also stronger activation in the amygdala during trials showing 
pictures of flowers compared to those showing pictures of objects (see Figure 6.3). 
There were no significant clusters in the contrast, clean air > odour. 
To further confirm effects in the amygdala, we analysed whether the findings 
remained significant with correction in a pre-defined small volume. Analysis on the 
pre-defined amygdala ROI showed significantly greater activation in the floral odour 
condition compared to clean air (P = 0.002), greater activation during hedonic rating 
compared to control (P = 0.02), and marginally stronger activation during trials 
showing pictures of flowers compared to those showing pictures of objects (P = 
0.07).  
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The three-way ANOVA also showed a significant main effect of rating 
condition (P < 0.001). The contrast, hedonic rating > control rating, yielded three 
significant clusters, each with multiple sub-clusters. The clusters were located in the 
superior frontal gyrus, posterior cingulate and cingulate gyrus, and the middle 
temporal gyrus (see Table 6.2). Confirmatory analysis revealed stronger activation in 
the hedonic rating condition compared to control condition across all three clusters 
and sub-clusters. 
 
Figure 6.3: (A) A contrast revealing the effect of odour (odour > clean air) in the left 
amygdala and right parahippocampal gyrus (PHG), which were then defined as ROIs (co-ordinates 
and values are shown in Table 6.2). ‘L’ and ‘R’ represent left and right hemisphere, respectively. (B) 
Bar graphs showing significant effects of experimental condition on mean BOLD activity in ROIs. 
Error bars represent 95% confidence intervals. Asterisks highlight significant differences between 
clean air and floral odour conditions and flower and object pictures (P < 0.05). 
 
To further investigate interactions between rating condition and picture type 
in the presence of a pleasant odour, a 2 × 2 ANOVA on data from the floral odour 
condition only was computed, revealing a main effect of picture type (P < 0.001). 
The contrast flowers > objects revealed two large clusters, with sub-clusters, in the 
lingual gyrus, inferior occipital gyrus, claustrum and insula (see Table 6.3 and Figure 
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6.4). All clusters and sub-clusters showed greater activation to pictures of flowers 
compared to pictures of objects.  
There was also a significant main effect of rating condition (P < 0.001) on 
data from the floral odour condition. The contrast hedonic rating > control rating 
revealed four significant clusters in the superior frontal gyrus and the posterior 
cingulate (see Table 6.3), all showing stronger activation in response to hedonic 
rating trials in comparison to control rating trials. There was no significant 
interaction between rating condition and picture type (P > 0.001). 
 
Figure 6.4: Axial slices from a contrast highlighting the effect of picture type in the floral odour 
condition only (flowers > objects). Significant clusters were revealed in the lingual gyrus, inferior 
occipital gyrus, claustrum and insula (co-ordinates and values are shown in Table 6.3). ‘L’ and ‘R’ 
represent left and right hemisphere, respectively. 
 
In order to examine interactions between odours and pictures in the hedonic 
rating condition specifically, a 2 × 2 ANOVA on data from the hedonic rating 
condition was employed. There was no main effect of odour (P > 0.001); however, 
there was an effect of picture type (P < 0.001). The contrast flowers > objects 
showed 8 significant clusters, with some sub-clusters, including the lingual gyrus, 
cuneus, amygdala, inferior parietal lobule, supramarginal gyrus, superior temporal 
gyrus and insula (see Table 6.4 and Figure 6.5). Confirmatory analyses revealed 
greater activation to pictures of flowers in comparison to pictures of objects across 
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all 8 clusters. Further analysis on the pre-defined amygdala volume confirmed that in 
the hedonic rating condition, there was significantly greater activation in trials 
showing pictures of flowers compared to pictures of objects (P = 0.03). 
A significant interaction between odour and picture type in the hedonic rating 
condition (P < 0.001) revealed a significant cluster in the inferior temporal gyrus. 
Further analysis confirmed a significant interaction between odour and picture type 
(see Table 6.4). Post-hoc t-tests were employed to further investigate this interaction 
and showed a stronger activation to pictures of objects compared to pictures of 
flowers in the floral odour condition (t(19) = -3.56, P = 0.002), and greater activation 
to pictures of flowers compared to objects in the clean air condition (t(19) = 2.45, P = 
0.02). 
 
 
Figure 6.5: Coronal slices from a contrast showing the effect of picture type in the hedonic rating 
condition only (flowers > objects). Significant clusters were revealed in (A) lingual gyrus, cuneus, (B) 
amygdala, insula, (C) inferior parietal lobule, superior temporal gyrus and (D) supramarginal gyrus 
(co-ordinates and values are shown in Table 6.4). ‘L’ and ‘R’ represent left and right hemisphere, 
respectively. 
 
6.4.4.2 Whole brain analyses using picture ratings as a covariate 
  
Picture ratings were included as a covariate to further investigate effects that 
were specifically related to subjective picture pleasantness ratings. In the 2 × 2 × 2 
ANOVA, there was an effect of rating condition, where the contrast hedonic rating > 
control rating revealed four significant clusters, located in the cerebellum, middle 
frontal gyrus, the inferior parietal lobule and the superior frontal gyrus (see Figure 
6.6). Table 6.5 lists spatial information and statistics for each cluster and their sub-
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clusters. Confirmatory analysis revealed a significant effect of rating condition across 
all clusters, showing stronger activations in the hedonic rating condition compared to 
the control rating condition that were also related to picture pleasantness ratings.   
 
Figure 6.6: A contrast revealing the effect of rating condition (hedonic rating > control) where picture 
ratings were included as a covariate revealed clusters in (A) cerebellum, (B) middle frontal gyrus, (C) 
inferior parietal lobule, (D) superior frontal gyrus, which were defined as ROIs (co-ordinates and 
values are shown in Table 6.5). Confirmatory analysis showed a significant effect of rating condition 
on BOLD signal (hedonic rating > control) in all regions. ‘L’ and ‘R’ represent left and right 
hemisphere, respectively. 
 
In the floral odour condition, there was a significant main effect of rating 
condition, with the contrast hedonic rating > control rating revealing significant 
activation in the superior frontal gyrus (see Figure 6.7 and Table 6.6) that was also 
related to picture pleasantness ratings. Further analysis confirmed greater activation 
for hedonic rating compared to control. There was no significant main effect of 
picture type related to picture ratings in the floral odour condition (P > 0.001).  
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Figure 6.7: (A) A contrast showing an effect of rating condition (hedonic rating > control) in the 
superior frontal gyrus in the floral odour condition, that was also related to picture pleasantness 
ratings. (B) Bar graph showing the mean BOLD activation from this ROI, where the black bar 
represents the mean from hedonic rating trials, and the white bar represents the mean from control 
rating trials. Error bars show 95% confidence intervals. ‘L’ and ‘R’ represent left and right 
hemisphere, respectively. An asterisk indicates the significant difference between the hedonic rating 
and control rating condition (P < 0.05).  
 
When picture ratings were included as a covariate in a 2 × 2 ANOVA on data 
from the hedonic rating condition, there were no significant effects of odour or 
picture type (P > 0.001). However, there was a significant interaction between odour 
and picture type related to subjective picture pleasantness ratings. The contrast 
investigating this interaction revealed a large cluster encompassing three sub-clusters 
in the parahippocampal gyrus, middle temporal gyrus and insula (see Table 6.7 and 
Figure 6.8). Confirmatory analysis revealed a significant interaction between odour 
and picture type across all sub-clusters. Post-hoc t-tests revealed that in the insula, 
there was a greater activation to objects compared to flowers in the floral odour 
condition (P = 0.01), and greater activation to flowers compared to objects in the 
clean air condition (P = 0.01). In the parahippocampal gyrus, there was a stronger 
activation towards objects compared to flowers in the floral odour condition (P = 
0.001), and a trend towards stronger activation to flowers compared to objects in the 
clean air condition (P = 0.03). In the middle temporal gyrus, there was a stronger 
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activation to objects compared to flowers, in the floral odour condition only (P = 
0.004). 
 
Figure 6.8: A contrast showing the interaction between odour and picture type in the hedonic rating 
condition only, including picture pleasantness ratings as a covariate revealed significant clusters in (A) 
parahippocampal gyrus, (B) middle temporal gyrus and (C) insula. (B) Bar graph showing the mean 
BOLD activation under each odour and picture condition in the parahippocampal gyrus. Black bars 
represent trials showing pictures of flowers, and white bars represent trials showing phots of objects. 
Error bars show 95% confidence intervals. Significant differences (P < 0.025) between flower and 
object picture conditions are highlighted using asterisks. (D) Bar graph showing the mean BOLD 
activation under each odour and picture condition in the middle temporal gyrus. (F) Bar graph 
showing the mean BOLD activation under each odour and picture condition in the insula. ‘L’ and ‘R’ 
represent left and right hemisphere, respectively.  
133 
 
6.4.5 Respiratory movement analysis 
 
 Figure 6.9A shows averaged respiratory waveforms for each condition. Mean 
respiratory movement values from an epoch spanning the inspiratory cycle, 
beginning at odour onset (2−5 s) were analysed in a 2 × 2 × 2 ANOVA. This 
revealed significant main effects of odour (P < 0.001), rating condition (P = 0.04), 
and picture (P < 0.001), suggesting greater inspiration during floral odour, hedonic 
rating and flower picture conditions, respectively. There were also significant 
interactions between odour and picture (P = 0.03), rating and picture (P < 0.001), and 
a three-way interaction between odour, rating and picture (P < 0.001) affecting 
respiratory movements. Post-hoc 2 × 2 ANOVAs and t-tests showed that in the floral 
odour condition, there was greater inspiration during trials requiring hedonic ratings 
of objects compared to control (P = 0.001), and no difference in inspiration between 
rating conditions in flower picture trials (P > 0.05) (see Figure 6.9B). In the clean air 
condition, there was smaller inspiration in trials instructing hedonic ratings of 
flowers compared to control (P < 0.001), and greater inspiration for trials requiring 
hedonic ratings of objects compared to control (P < 0.001) (see Figure 6.9B). Data 
from the expiratory epoch showed similar interactions; however, these are not 
reported as they occurred after the time of olfactory-visual stimulation and were 
therefore beyond the scope of the present study. 
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Figure 6.9: (A) Averaged respiratory waveforms for each condition. Respiratory movement signals 
from every subject across all trials were averaged over a period of 12 seconds. The baseline period 
ranged from -3 to 0 s. The red dotted line represents the ‘get ready’ prompt (red cross, 0 s), and the 
green dotted line represents odour onset and the prompt to breathe in (green cross, 2 s). Odour offset 
was at 5.5 s. Upwards deflection of respiratory signals corresponds to inspiration. (B) Mean 
inspiratory movement values (2−5 s) under each experimental condition. Black bars represent trials 
that required a hedonic rating of the picture; white bars represent trials that required participants to 
rate the colour of the picture (control). Asterisks highlight significant differences between flower and 
object picture conditions, and hedonic and control rating conditions (P < 0.025).
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Table 6.2: 2 × 2 × 2 ANOVA across all data, no covariates 
Anatomical location 
MNI 
x,    y,   z 
Hemisphere 
Cluster 
size (k) 
Brodmann 
area 
Effect F value P value 
Amygdala  -20, 0, -20 Left                                               66 -   
Odour > clean air 
Flowers > objects   
33.98 
4.96 
< 0.001 
0.04 
Parahippocampal gyrus 14, -8, 18 Right 39 -  Odour > clean air 9.49 0.006 
Superior frontal gyrus 20, 38, 44 Right 1669       8  Hedonic rating > control  17.78  < 0.001  
Superior frontal gyrus -18 30 48 Left    -        8 Hedonic rating > control  11.93 0.003 
Superior frontal gyrus 6 58 24 Right    -       9 Hedonic rating > control 13.21 0.002 
Posterior cingulate 6 -50 24 Right 934      23  Hedonic rating > control 29.65  < 0.001 
Cingulate gyrus -10 -52 26 Left    -      31 Hedonic rating > control 14.72 0.001 
Middle temporal gyrus -62 -42 2  Left 402      21  
Hedonic rating > control 
Odour × rating  
25.16 
 
7.32  
< 0.001 
 
0.014 
Middle temporal gyrus -54 -40 -2 Left    -       21 
Hedonic rating > control 
Odour × rating 
37.81 
 
9.14 
< 0.001 
 
0.007 
Middle temporal gyrus  -58 -32 -2 Left - - 
Hedonic rating > control 
Odour × rating 
Odour × photo  
20.33 
 
11.58 
5.0 
< 0.001 
 
0.003 
0.038 
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Table 6.3: 2 × 2 ANOVA on floral odour condition, no covariates 
Anatomical location 
MNI 
x,    y,   z 
Hemisphere 
Cluster 
size (k) 
Brodmann 
area 
Effect F value P value 
Superior frontal gyrus -20 34 50 Left                                              73 8 Hedonic rating > control 9.17 0.007 
Superior frontal gyrus -12 14 70 Left 26      6 Hedonic rating > control 6.49 0.02 
Superior frontal gyrus 18 44 46 Right 26       8  Hedonic rating > control  6.72  0.02  
Posterior cingulate 4 -50 24 Right 67       23 Hedonic rating > control  24.9 < 0.001 
Lingual gyrus -10 -94 0 Left 3175      17 Flowers > objects 67.95 < 0.001 
Lingual gyrus 14 -92 0 Right       -      17 Flowers > objects 91.58 < 0.001 
Inferior occipital gyrus 12 -88 -8 Right -       17 Flowers > objects 90.07 < 0.001 
Claustrum -26 12 18 Left 65     - Flowers > objects 10.12 0.005 
Insula -36 6 14 Left -     13 Flowers > objects 6.93 0.016 
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Table 6.4: 2 × 2 ANOVA on hedonic rating condition, no covariates 
Anatomical location 
MNI 
x,    y,   z 
Hemisphere 
Cluster 
size (k) 
Brodmann 
area 
Effect F value P value 
Lingual gyrus -4 -90 -6 Left                                              5338 17  Flowers > objects 130.72 < 0.001 
Lingual gyrus 10 -86 -10 Right -       18 Flowers > objects 97.66 < 0.001 
Cuneus 20 -90 18 Right    -       18  Flowers > objects 29.96 < 0.001 
Amygdala -18 -4 -22 Left 34  -  Flowers > objects 19.12 < 0.001 
Inferior parietal lobule 52 -32 28 Right 56      40 Flowers > objects 11.65 0.003 
Supramarginal gyrus  -62 -42 30 Left 45      40 
Flowers > objects 
Odour × photo 
18.17 
5.12 
< 0.001 
0.04 
Superior temporal gyrus 68 -30 14 Right 20 42 Flowers > objects 11.42 0.003 
Insula 44 -4 16 Right 41 13 Flowers > objects 26.61 < 0.001 
Inferior temporal gyrus -56 -32 -16 Left 179 20 Odour × photo 10.39 0.004 
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Table 6.5: 2 × 2 × 2 ANOVA with picture ratings as a covariate 
Anatomical location 
MNI 
x,    y,   z 
Hemisphere 
Cluster 
size (k) 
Brodmann 
area 
Effect F value P value 
Cerebellum 52 -58 -20 Right                                              20 -   Hedonic rating > control 15.43 0.001 
Middle frontal gyrus 38 34 18 Right 108      46 Hedonic rating > control 9.42 0.006 
Middle frontal gyrus 46 48 12 Right    -        10  Hedonic rating > control  11.74  0.003  
Inferior parietal lobule 40 -40 40 Right 73        40 Hedonic rating > control  10.39 0.004 
Superior frontal gyrus -18 42 -16 Left 20       11 Hedonic rating > control 14.09 0.001 
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Table 6.6: 2 × 2 ANOVA on floral odour condition with picture ratings as a covariate 
Anatomical location 
MNI 
x,    y,   z 
Hemisphere 
Cluster 
size (k) 
Brodmann 
area 
Effect F value P value 
Superior frontal gyrus 26 50 2 Right                                              27 -   
Hedonic rating > 
control 
10.55 0.004 
Anterior cingulate 6 18 18 Right 170      33 
Objects > flowers 
Rating × photo 
5.37 
15.95 
0.032 
0.001 
Caudate -8 16 18 Left   -        -  
Objects > flowers 
Rating × photo 
6.63 
14.05 
0.02 
0.001  
Caudate 0 4 12 -    -         - Rating × photo   16.11 0.001  
Superior temporal gyrus 30 -52 24 Right 195      39 
Objects > flowers 
Rating × photo 
16.61 
9.48 
0.001 
0.006 
Insula 36 -44 24 Right       13 
Objects > flowers 
Rating × photo 
6.64 
12.13 
0.018 
0.002 
Middle occipital gyrus 22 -84 12 Right 136      18 Rating × photo 10.19 0.005 
Lingual gyrus 22 -90 -2 Right   -      17 Rating × photo 6.94  0.02 
Middle occipital gyrus 32 -84 10 Right   -       19 Rating × photo 8.41  0.009 
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Table 6.7: 2 × 2 ANOVA on hedonic rating condition with picture ratings as a covariate  
Anatomical location 
MNI 
x,    y,   z 
Hemisphere 
Cluster 
size (k) 
Brodmann 
area 
Effect F value P value 
Parahippocampal gyrus 40 -42 -2 Right                                              346 19  Odour × photo 15.96 0.001 
Middle temporal gyrus 34 -56 24 Right   -        39 Odour × photo 11.06 0.004 
Insula 42 -38 26 Right   -      13 Odour × photo 12.3 0.002 
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6.5 Discussion 
 
 Pleasant odour and visual stimuli exerted bidirectional cross-modal effects on 
subjective ratings of visual stimuli, odour perception and respiratory patterns. Floral 
odour increased subjective pleasantness ratings of pictures of flowers and objects, 
whilst odour and clean air were rated as more pleasant and more intense when paired 
with pictures of flowers. The amplitude of participants’ respiratory movements was 
greater during trials showing pictures of flowers. The key finding refers to 
activations in the superior frontal gyrus and other areas of frontal cortex that were 
specific to the hedonic rating task, and related to subjective ratings. In particular, 
activation in the superior frontal gyrus during hedonic ratings primed by a pleasant 
odour was related to subjective ratings.  
As hypothesised, all pictures were rated as more pleasant when paired with 
the floral odour, suggesting a pleasant odour-priming effect on perception of visual 
stimuli, consistent with several previous studies (Cook et al., 2015; Dematte et al., 
2007; Knasko, 1995; McGlone et al., 2013; Seubert et al., 2014). In addition to the 
effect of pleasant odour on subjective hedonic ratings of visual stimuli, pictures of 
flowers also resulted in greater pleasantness and intensity ratings of both pleasant 
odour and clean air. As observed in some previous studies (Cook et al., in 
preparation; Pollatos et al., 2007; Seo, Arshamian, et al., 2010), this also shows a 
general priming effect of visual stimuli on odour perception. Further, the floral odour 
was rated as more pleasant and more intense when the experimental trial required a 
hedonic rating of a flower picture compared to control. 
 
6.5.1 fMRI findings 
 
Stronger activation in response to pleasant odour compared to clean air was 
observed in the left amygdala and right parahippocampal gyrus. The amygdala effect 
remained significant when tested in a pre-defined small volume. The amygdala is 
implicated in basic perception of odours as well as higher order affect-related odour 
processing (Anderson et al., 2003; Gottfried, Deichmann, et al., 2002; Mackay-Sim 
& Royet, 2006; Royet et al., 2000; Zald & Pardo, 1997; Zald & Pardo, 2000). The 
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parahippocampal gyrus is in close proximity with primary olfactory areas in the 
limbic lobe, both anatomically and functionally (Squire & Zola-Morgan, 1991; Van 
Hoesen, Augustinack, Dierking, Redman, & Thangavel, 2000). Our data therefore 
support the role of the amygdala and parahippocampal gyrus in olfactory perception. 
We did not find any odour-related activation in the piriform cortex. Although the 
piriform is known as the key part of the primary olfactory system, activation has 
been inconsistent across studies (Zald & Pardo, 2000).  
 The key finding pertains to stronger BOLD activity in the superior frontal 
gyrus and middle frontal gyrus during the hedonic rating task that was also related to 
subjective hedonic ratings. Within this effect, activation in the superior frontal gyrus 
was specifically affected by the pleasant odour context. Significant clusters in the 
middle frontal gyrus and superior frontal gyrus were located in Brodmann areas 10 
and 11, respectively, which are in close relation to the OFC (Elliott, Dolan, & Frith, 
2000). The superior frontal gyrus also overlaps with areas described as dmPFC 
(Bartra et al., 2013; Petrides & Pandya, 2012). Our results therefore support the role 
of specific regions in the frontal cortex in encoding preferences and hedonic value of 
objects (Bartra et al., 2013; Lebreton et al., 2009). Taking into consideration the 
covariance with subjective picture ratings, the findings further support studies 
showing that activations in dmPFC correlate with subjective emotional experience 
and pleasantness ratings of affective stimuli or rewards (Bartra et al., 2013; Lebreton 
et al., 2009), and therefore support the role of this region as part of the brain’s 
valuation system. Moreover, the increase in hedonic ratings of visual stimuli and 
corresponding activation in the superior frontal gyrus in the presence of a pleasant 
odour resembles findings from previous work showing that musical context 
influenced both subjective value judgements and activity in the vmPFC in the brain 
valuation system (Abitbol et al., 2015). Our results support and extend these 
findings, demonstrating that activity in the frontal cortex is related to subjective 
evaluative processes, and can be altered by olfactory context.  
The cerebellum also showed a stronger response in the hedonic rating task 
that was related to subjective ratings. Although traditionally associated with motor 
function, more recently it has become accepted that the cerebellum is also involved 
in cognitive functions (M. Ito, 1993). It has been suggested that the cerebellum 
encodes models that reproduce properties of mental representations in cerebral cortex 
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(M. Ito, 2008), therefore it may have had a role in higher order cognitive processing 
during hedonic evaluations.    
 An interaction between odour and picture type that was also related to 
subjective ratings of pictures was observed in the parahippocampal gyrus, middle 
temporal gyrus and insula. The interactions included stronger activation in response 
to pictures of objects in the floral odour condition in all regions, and stronger 
activation to pictures of flowers in the clean air condition in the insula. The insula is 
implicated in a wide range of cognitive and emotional activity, given its proximity to 
the limbic system (Cloutman, Binney, Drakesmith, Parker, & Lambon Ralph, 2012), 
and agranular insula is known to be preferentially activated during higher order tasks 
involving odours, including explicit hedonic judgements (Royet et al., 2003; Royet et 
al., 2000). The insula has also been consistently named as part of the brain’s 
valuation system (Bartra et al., 2013). Insula activation and corresponding subjective 
ratings in the present study therefore provide evidence for the involvement of the 
insula in subjective valuation, and suggest that this effect may be influenced by the 
presence of an odour. The insula is also associated with encoding saliency (Bartra et 
al., 2013; Menon & Uddin, 2010). Theories of salience suggest that stimuli are 
salient when they appear to be congruent or incongruent in a certain context (Guido, 
2001). Hence, activation of the insula during olfactory-visual stimulation may be 
representative of congruency effects, as well as subjective valuation. Moreover, the 
parahippocampal gyrus is closely related to olfactory cortices and their function (Van 
Hoesen et al., 2000), and is involved in the processing of contextual associations 
(Aminoff, Kveraga, & Bar, 2013). The middle temporal gyrus has been implicated in 
semantic tasks (Vandenberghe, Price, Wise, Josephs, & Frackowiak, 1996; Whitney, 
Kirk, O'Sullivan, Lambon Ralph, & Jefferies, 2010). Activation in the 
parahippocampal gyrus and middle temporal gyrus in the present study may also 
reflect olfactory-visual congruency effects.   
In the floral odour condition specifically, there was a greater BOLD response 
to pictures of flowers compared to pictures of objects in other regions including the 
insula, lingual gyrus, inferior occipital gyrus, and claustrum. Activity in these regions 
may be characteristic of the congruency between the floral odour and pictures of 
flowers. The lingual gyrus and inferior occipital gyrus both form part of the visual 
cortex, known to be involved in face and object processing, and visual association 
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(Macaluso, Frith, & Driver, 2000; Sergent, Ohta, & MacDonald, 1992; Zeki et al., 
1991). As mentioned above, the insula has been implicated in the processing of 
salience, and may respond to congruency (Menon & Uddin, 2010). Hence, activation 
in the lingual gyrus and insula may be representative of congruency effects. Greater 
response to pictures of flowers also appeared in the hedonic rating condition in the 
insula, lingual gyrus, amygdala, inferior parietal lobule, supramarginal gyrus, 
superior temporal gyrus and cuneus. Activation in these areas may further represent 
congruency between the hedonic rating condition and pictures of flowers, given that 
flowers were consistently rated as more pleasant than objects.  
We observed stronger amygdala activation in response to pictures of flowers 
compared to pictures of objects, specifically in the hedonic rating condition. This 
effect was also significant in the pre-defined amygdala ROI. Moreover, analysis in 
the pre-defined amygdala volume showed significantly greater activation to floral 
odour, and during the hedonic rating condition. The amygdala responds to both 
positive and negative stimuli, and has been reported to encode subjective valence (T. 
Ball et al., 2009; Jin et al., 2015; Phelps & LeDoux, 2005; Zald, 2003). Given the 
greater activation in the hedonic rating condition, and that pictures of flowers were 
rated as more pleasant than pictures of objects, amygdala activation in the present 
study may be representative of valence encoding, as well as basic odour perception.  
 
6.5.2 Behavioural interactions 
 
Behavioural data showed that the floral odour was rated as more pleasant and 
more intense when the experimental trial required a hedonic rating of a flower 
picture compared to control. This suggests a congruency effect between floral odour 
and pictures of flowers, but also indicates that this effect was influenced by the 
affective focus in the hedonic rating condition. For instance, in trials where picture 
pleasantness ratings were required, participants may have increased their focus 
towards hedonic ratings, resulting in increased odour pleasantness ratings. This 
finding is somewhat consistent with a study showing that participants responded to 
odours differently when instructed to focus on the affective value of the odour, 
demonstrated by greater activations in inferior frontal gyrus (Rolls et al., 2008). 
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Authors suggested that whether cognitive demand is affect-related versus sensory-
related may be an important aspect of cognition (Rolls et al., 2008). This does not 
explain the additional increase in odour intensity ratings; however, although valence 
and intensity can be dissociated in odour perception, their ratings often correlate 
(Anderson et al., 2003; Doty, 1975). Therefore, affective related focus may have 
contributed to the increase in both pleasantness and intensity ratings during the 
hedonic rating condition.  
 
6.5.3 Respiratory patterns 
 
Results showed increased odour pleasantness and intensity ratings and 
increased amplitude of respiratory movements during trials showing pictures of 
flowers. The boost in odour pleasantness and intensity ratings may be attributable to 
the inspiratory increase. However, this effect occurred in both floral odour and no 
odour conditions, suggesting an automatic priming effect of pictures of flowers on 
subjective odour perception and respiratory patterns, rather than an effect of 
congruency between the floral odour and pictures of flowers. We therefore argue that 
visual stimuli produced genuine priming effects on pleasantness and intensity 
perception during odour stimulation and a clean air control, where increased 
inspiration was a by-product of such effects. 
 
6.5.4 Limitations 
 
With the exception of the amygdala results confirmed in a pre-defined small 
volume, our findings must be considered exploratory due to the use of a threshold 
uncorrected for multiple comparisons. We demonstrated effects of a hedonic rating 
task in regions in close relation to the OFC that corresponded with subjective 
hedonic ratings primed by a pleasant odour. However, we did not find effects of 
odour or olfactory-visual integration in the OFC specifically. The OFC is among the 
most consistently activated structures in olfactory imaging experiments (Sobel et al., 
2000; Zald & Pardo, 1997; Zatorre et al., 2000), and is thought to be involved in 
higher-order affective processes representing the convergence of olfactory and visual 
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stimuli (Gottfried, O'Doherty, et al., 2002). OFC is affected by susceptibility 
gradients in echo planar imaging, which may have resulted in image distortions and 
signal loss (Deichmann, Gottfried, Hutton, & Turner, 2003). Hence, the scanning 
parameters used in the present study may not have been adequate to pick up effects 
of odours or olfactory-visual integration in the OFC (at least not in a whole-brain 
analysis), and we accept this as a limitation. Further, not all effects and interactions 
in ROIs have been discussed, as many were beyond the scope of this paper.  
 
6.5.5 Summary 
 
In summary, the present study showed increased activation in the superior 
frontal gyrus and middle frontal gyrus during a hedonic rating task that was 
specifically related to subjective ratings. Such activity in the superior frontal gyrus 
was influenced by a pleasant odour context. Our results therefore support the role of 
the frontal cortex in evaluative processes specific to subjective ratings, and show that 
the related neural activity may be further boosted by a pleasant odour. Results 
showed bidirectional olfactory-visual priming effects of a pleasant odour on 
subjective ratings of pictures, and of flower pictures on odour pleasantness and 
intensity ratings and respiratory patterns. Increased activity in the amygdala during 
odour stimulation and during hedonic ratings of pictures of flowers provides further 
evidence for its involvement in encoding valence. We also observed congruency 
effects in associative brain regions and the insula, which were related to subjective 
hedonic ratings. Our data provide insight into the representation of congruency and 
the encoding of hedonic value in the brain, and contribute to the understanding of 
how odours may influence these processes.   
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Chapter 7 
 
General Discussion 
 
 The overall aim of this thesis was to explore the effects of odours on hedonic 
evaluations, and to shed light on the neural mechanisms underlying such effects 
using EEG and fMRI. We hypothesised that pleasant and unpleasant odours would 
modulate hedonic evaluations of neutral, or congruent and incongruent visual 
stimuli, and that such modulations would vary as a function of temporal association 
and rating task. It was anticipated that these effects would be related to changes in 
visual ERPs and activations in the brain’s valuation system. 
 
7.1 Summary of findings 
 
 Pleasant and unpleasant odours were able to prime hedonic ratings of human 
faces, flowers and objects, both with and without a temporal lag between 
olfactory-visual presentations. Pleasant odours increased hedonic ratings of 
visual stimuli, whilst unpleasant odours decreased such ratings.  
 Happy and disgusted faces presented with congruent pleasant and unpleasant 
odours were rated more or less pleasant, respectively. 
 Effects of odours on the ERP response to faces were observed in the N170, 
mid components (N200, N400), late- and ultra-late ERP components.  
 In the ultra-late ERP component (around 900 ms), activations were greater in 
the left and right hemispheres for faces in the pleasant and unpleasant odour 
conditions, respectively.  
 Simultaneous presentation of unpleasant odour and faces boosted effects on 
hedonic ratings and LPP amplitude relative to independent presentations.  
 In unpleasant and no odour conditions, there were differences in the ERP 
response to faces around the N200 and N400 components. Pleasant odour 
masked any difference in responses to happy and disgusted faces.   
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 Faces presented in pleasant or unpleasant odour conditions produced a greater 
N400 response compared to faces presented without odour. Faces in the 
unpleasant odour condition produced the greatest N400 amplitude. 
 Odour-related activations were observed in the amygdala. 
 The superior frontal gyrus and middle frontal gyrus were activated during, 
and were specifically related to subjective hedonic evaluations of visual 
stimuli. Activity in the superior frontal gyrus was influenced by pleasant 
odour. 
 Olfactory-visual congruency effects that were also related to subjective 
hedonic ratings were observed in associative brain regions and the insula. 
 Both pleasant and unpleasant odours were rated as more pleasant when paired 
with happy faces. Pleasant odour paired with pictures of flowers resulted in 
increased odour pleasantness and intensity ratings and an increase in 
respiration.  
 Unpleasant odour was rated as more intense when it was paired with 
congruent, disgusted faces. This was accompanied by a decrease in 
respiration. 
 
7.2 Themes 
 
Several common themes emerged from the experimental findings in the 
present thesis. The overarching finding was that odour priming effects are robust and 
bidirectional, using both pleasant and unpleasant odours and different types of visual 
stimuli. Such effects were represented in behavioural responses, respiratory patterns, 
ERPs and BOLD signals.  
 
7.2.1 Unpleasant and pleasant odour effects 
 
Taken together, the findings from across experimental chapters suggest a bias 
of behavioural and neural responses towards unpleasant odour. Unpleasant odour 
produced stronger amplitude in the N200 and N400 components of the ERP response 
to faces in comparison to pleasant odour or no odour across two experiments. More 
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specifically, faces presented simultaneously with unpleasant odour produced stronger 
amplitude in the LPP in comparison to the same faces presented one-second after 
unpleasant odour offset. This was accompanied by stronger hedonic ratings. Further, 
unpleasant odour paired with congruent, disgusted faces resulted in stronger hedonic 
ratings of face and odour pleasantness, increased odour intensity ratings and a 
decrease in respiratory amplitude in comparison to when the odour was paired with 
happy faces. Unpleasant odour was also consistently rated as more intense than 
pleasant odour during experiments, despite extensive piloting to ensure that the 
odours were matched on intensity.  
These findings correspond with a vast body of literature suggesting that 
negative, aversive or threatening stimuli elicit more cognitive work, lead to more 
complex cognitive representations (Peeters & Czapinski, 1990), and evoke strong 
and rapid physiological, cognitive, emotional, and social responses (Taylor, 1991). 
The negative valence hypothesis suggests that negative stimuli often evoke stronger 
responses than positive stimuli of the same intensity (T. A. Ito et al., 1998; Smith et 
al., 2003; Smith et al., 2006). Indeed, more recent studies have shown greater arousal 
to losses in comparison to equivalent gains (Sokol-Hessner et al., 2009; Takahashi et 
al., 2013). In relation to olfactory research, studies have shown that unpleasant 
odours elicit stronger autonomic arousal than pleasant odours (Brauchli, Ruegg, 
Etzweiler, & Zeier, 1995), increase the magnitude of the startle reflex (Ehrlichman, 
Brown Kuhl, Zhu, & Warrenburg, 1997; Ehrlichman, Brown, Zhu, & Warrenburg, 
1995; Miltner et al., 1994), and elicit faster behavioural reactions, increasing motor 
readiness (Bensafi, Rouby, Farget, Vigouroux, & Holley, 2002; Boesveldt et al., 
2010; Brauchli et al., 1995). The finding that unpleasant odours consistently resulted 
in stronger hedonic reactions, ERP responses and changes in respiratory patterns 
compared to pleasant odour or no odour therefore supports the negative valence 
hypothesis, and provides further evidence that unpleasant odours evoke stronger 
reactions than pleasant odours. 
Effects of hedonic congruency between unpleasant odour and disgusted faces 
on subjective ratings and respiratory patterns were observed in Chapter 5. Unpleasant 
events often prime or amplify responses to other unpleasant stimuli. For example, 
information about the occurrence of adverse events resulted in an increase in the 
perceived likelihood of further adverse events (Johnson & Tversky, 1983). Studies 
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have also shown that negative emotional states increased pessimistic outlooks 
(Lerner & Keltner, 2001), or perceived likelihood of occurrence of subsequent 
negative emotional states (DeSteno, Petty, Wegener, & Rucker, 2000). Recent 
research using odours showed that unpleasant odour increased responses to painful 
stimuli relative to pleasant odour (Villemure, Slotnick, & Bushnell, 2003). A very 
recent study showed that unpleasant odour increased aversion and related skin 
conductance responses to monetary losses (Stancak et al., 2015). These effects were 
specifically related to odour unpleasantness, as opposed to intensity, and pleasant 
odour failed to attenuate loss aversion in the same way. Such findings correspond 
with the effects of affective congruency between prime and target stimuli 
documented in the evaluative priming literature (Herring et al., 2013; van Reekum et 
al., 1999). Authors have argued that unpleasant odour likely primes avoidance 
behaviour, and consequently boosts existing avoidance responses to negative events 
(Stancak et al., 2015). The results from the present thesis suggest that unpleasant 
odours primed existing negative responses to disgusted faces, and vice-versa, 
resulting in changes in face ratings, odour ratings and respiratory patterns.  
With regards to pleasant odours, our results suggested that pleasant odours 
almost always improve ratings of visual stimuli. Neutral faces, happy and disgusted 
faces, pictures of flowers and objects were all rated as more pleasant when paired 
with pleasant odours. Happy faces paired with a congruent, pleasant odour were 
rated as significantly more pleasant than the same faces paired with an unpleasant 
odour or no odour. However, there was no such interaction when flowers were used 
as visual stimuli: flowers paired with a congruent, floral odour were not rated 
significantly more pleasant than the same flowers presented without odour. We 
interpret this inconsistency as being attributable to the relatedness of the visual 
stimuli to emotion. Faces are closely linked with emotion, given that they are used to 
express them (Goldman & Sripada, 2005; Öhman, 2002; Phillips et al., 1997; Walla, 
2008). Combined olfactory stimuli and emotional faces may therefore have been 
more closely related to internal representations of emotion, and as a result, odour-
face congruency exerted a greater effect on subjective perception. 
The finding that pleasant odours improved ratings of visual stimuli 
corresponds with a body of behavioural data discussed in the introduction to this 
thesis (e.g. Baron, 1983, 1990; Dematte et al., 2007; Seubert et al., 2014; Todrank et 
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al., 1995). However, our EEG data suggested that a pleasant odour masked 
differences in the ERP response to happy versus disgusted faces. This was a novel 
finding, and lead to the interpretation that pleasant odours may induce a hedonic state 
whereby stimuli from other modalities accrue less attentional resources, rendering 
them less likely to evoke differences in cortical responses. Given the documented 
effects of pleasant odours on perception and our intuitive experience with pleasant 
odours, this is perhaps not surprising. Indeed, positively valenced experiences have 
been shown to attenuate autonomic responses (Ehrlichman et al., 1995; Vrana, 
Spence, & Lang, 1988). Olfactory research showed that pleasant odours induced 
positive affect (Baron, 1997), improved mood and perceived health (Knasko, 1992), 
and did not alter electrocortical activity (Brauchli et al., 1995). A more recent study 
found that pleasant odour decreased pain (Bartolo et al., 2013). Our finding that 
pleasant odour overrides differences in cortical responses evoked by information 
from other modalities is novel, but supported by such research showing that odours 
induce positive states and reduce autonomic responses.  
Data from the fMRI experiment showed a stronger BOLD response to a 
pleasant, floral odour in comparison to clean air in the amygdala. Such a result 
provides further evidence for the role of the amygdala in primary olfactory 
perception (Buck & Bargmann, 2000; Gottfried, 2006). There have been mixed 
findings in the literature with regards to whether the amygdala encodes odour 
intensity or odour valence (Anderson et al., 2003; Winston et al., 2005; Zald & 
Pardo, 1997). Given several of the findings from the present thesis, we argue that the 
amygdala encodes valence for pleasant odour and visual stimuli: We found greater 
amygdala activation during hedonic ratings compared to control. Moreover, whilst 
pleasant odours increased hedonic evaluations of visual stimuli, our data showed 
amygdala activation in response to pleasant odour, pictures of flowers, and 
specifically during hedonic ratings of flowers. Hence, our results further support the 
role of the amygdala in valence encoding (Jin et al., 2015).    
Results from the present thesis suggest that whilst pleasant odour reduced 
differences in cortical responses to visual stimuli, unpleasant odour increased 
sensitivity to simultaneously presented aversive visual stimuli. Combined stimulation 
with visual and unpleasant olfactory stimuli resulted in stronger behavioural and 
cortical responses and changes in respiration, particularly when the olfactory and 
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visual stimuli were congruent. The results therefore indicate an increased allocation 
of resources when aversive stimuli from across olfactory and visual modalities are 
combined, in comparison to when presented alone. We interpreted that such effects 
likely relate to an evolutionarily adaptive mechanism where cross-modal stimuli 
interact in the brain to produce a correct behavioural response when aversive stimuli 
signal danger. Indeed, odours play a role in feeding and mating behaviours 
(Gottfried, 2006), and serve as warnings about threats in our environment 
(Paustenbach & Gaffney, 2006; Stevenson, 2010). From an evolutionary perspective, 
it is adaptive to respond quickly as correctly to adverse events (Taylor, 1991) which 
may be signalled by odours. Whilst unpleasant odours signal danger, pleasant odours 
may have the opposite effect. As a result, pleasant and unpleasant odours might 
respectively increase and decrease sensitivity to congruent and incongruent visual 
stimuli. Our results suggest that combinations of congruent, ecologically relevant 
information from across modalities can influence cortical responses, manifesting in 
behavioural changes represented by subjective ratings and respiratory patterns. Such 
effects likely reflect evolutionary adaptive mechanisms. 
As discussed in Chapter 3, although jasmine odour is consistently rated as 
pleasant, in its natural form it contains indole, a component perceived as very 
unpleasant when presented alone (Grabenhorst et al., 2011; Grabenhorst et al., 2007). 
This counter-intuitive effect appears to happen with many natural odours that are 
very pleasant (Ohloff, 1994). One study showed that medial orbitofrontal cortex, 
responsible for representing the pleasantness of odours, responded even more 
strongly to jasmine when it contained indole compared to when it only contained 
pleasant components (Grabenhorst et al., 2007). This led to the suggestion that brain 
areas representing the pleasantness of stimuli can do so in a way that is partly 
independent of unpleasant components, thereby emphasising the pleasant component 
of a hedonically complex mixture. However, a later study showed that activity in the 
superior frontal gyrus increased when selective attention was being paid to jasmine 
without indole, and also when no selective attention was required but the jasmine did 
contain indole (Grabenhorst et al., 2011). The authors proposed the new hypothesis 
that the affective potency of stimuli with mixed pleasant and unpleasant components 
is related to the recruitment of mechanisms in the brain involved in attentional 
capture. The effects of the jasmine odour observed in the present experiments might 
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be related to hedonic complexity or attentional capture; however, this seems unlikely 
given that the concentration of indole in the presently used jasmine odour was only 
0.024%.      
 
7.2.2 Bidirectional cross-modal effects of odours and visual stimuli 
 
Another interesting theme emerging from the present studies is the 
observation of bidirectional cross-modal effects of olfactory and visual stimuli: 
Odours affected ratings of visual stimuli, and in turn visual stimuli exerted cross-
modal effects on odour pleasantness and intensity perception. A meta-analysis 
including evaluative conditioning studies using a range of cross-modal stimuli, 
including pictures, sounds, odours and tastes, as conditioned and unconditioned 
stimuli was conducted by Hofmann et al. (2010). They showed that evaluative 
conditioning was independent of whether or not stimuli were matched on modality, 
and argued for the generality of representations of cross-modal contingencies 
(Hofmann et al., 2010). Our research supports and extends these findings by showing 
that odours and visual stimuli were effective as both primes and targets, in priming 
responses to both odours and visual stimuli.  
In the experiments discussed, happy and disgusted faces and pictures of 
flowers influenced ratings of odour pleasantness and intensity, replicating previous 
findings (Pollatos et al., 2007; Seo, Arshamian, et al., 2010) and extending them to 
the use of emotional faces as primes. Again, congruency amplified these effects, in 
particular for combined unpleasant odour and disgusted faces. This highlights the 
importance of congruency in olfactory-visual interactions, and provides further 
support for the negative valence hypothesis. Moreover, pictures of flowers served as 
a pleasant, odour-congruent visual stimulus, and resulted in increased pleasantness 
and intensity ratings for both pleasant odour and clean air, and effects were amplified 
when the task focus was related to hedonic value, further suggesting that affect-
related cognitive demand is important in perception (Rolls et al., 2008). 
Relating to bidirectional cross-modal effects of olfactory and visual stimuli, 
the experiments discussed observed differences in respiratory patterns related to 
olfactory-visual integration, and olfactory-visual congruency. Results showed a 
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decrease in the amplitude of respiratory movements when unpleasant odour was 
paired with simultaneously presented disgusted faces, and an increase in respiratory 
amplitude during pleasant odour trials and trials showing pictures of flowers. Odours 
are tightly linked with emotions (Ehrlichman & Halpern, 1988), and emotions are 
closely associated with approach or avoidance behaviours (Barrett, 2006, 2009; 
Frijda, 1988). In general, our results suggest that participants increased their 
respiratory movements in response to pleasant odour and odour-related visual 
stimuli, representative of approach behaviour. Participants decreased respiratory 
movements in response to negative odours, in particular when combined with 
negative visual stimuli, representing avoidance behaviour. These results therefore 
further support the evolutionary argument for the role of odours as warnings about 
potential dangers in the environment and elicitors of adaptive approach/avoidance 
responses (Gottfried, 2006; Paustenbach & Gaffney, 2006; Stevenson, 2010; Taylor, 
1991). We contribute that approach/avoidance behaviours manifest in changes in 
respiratory patterns in response to ecologically relevant cross-modal information. 
 
7.2.3 Implications for evaluative priming and evaluative conditioning 
 
As mentioned above, the results from the present thesis contribute to a more 
general literature on evaluative priming and evaluative conditioning, which 
respectively refer to automatic and conditioned changes in affective responses to 
stimuli when paired with other positively and negatively valenced stimuli (Dirk 
Hermans & Baeyens, 2002; Herring et al., 2013; Hofmann et al., 2010). Our findings 
support and update early research suggesting that evaluative priming effects exist in 
a cross-modal sense, where pleasant and unpleasant odours influence immediate 
responses to other stimuli (Dirk Hermans & Baeyens, 2002). Our data further suggest 
that olfactory-visual congruency is important in these effects, and expand the finding 
that evaluative priming effects (particularly congruency) are represented in the N400 
and later ERP components (Aguado et al., 2013; Herring et al., 2011) by further 
showing that this is also true for olfactory-visual evaluative priming (Zhang et al., 
2010). Moreover, a recent meta-analysis argued that both encoding and response 
mechanisms are at play during evaluative priming (Herring et al., 2013). Encoding 
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mechanisms activate object-evaluation associations in memory that make the valence 
of targets more accessible, whilst response mechanisms influence the ease with 
which a person can generate a response to the target. The fact that results from the 
present thesis observed effects of evaluative congruency in ERPs and BOLD 
responses, likely encoding, as well as in subjective responses, support and extend this 
argument to cross-modal evaluative priming. Further, the bidirectionality of 
olfactory-visual effects observed in the present experiments lends support to holistic 
accounts of evaluative conditioning, which suggest that co-occurrences of 
conditioned and unconditioned stimuli activate holistic representations that result in 
associative stimulus evaluations (Hofmann et al., 2010; Levey & Martin, 1975; 
Martin & Levey, 1994). 
 
7.2.4  Implications for decision making  
 
The present thesis further relates to the literature on decision making. The 
experiments discussed analysed changes in pleasantness ratings that occurred as a 
result of odour stimulation. Pleasantness ratings cannot be considered as decisions 
per se, as these involve commitment to a binary choice. However, pleasantness 
ratings reveal subjective valuations, which can provide a basis for decision making 
(Kühn & Gallinat, 2012; Lebreton et al., 2009). Values expressed by subjective 
ratings are unreliable, vary over short periods of time and can be easily manipulated 
(Abitbol et al., 2015; Bardsley, 2010; Kahneman & Tversky, 2000; McFadden, 
2005). Affective context can influence subjective valuations, and therefore, decision 
making. In the experiments discussed, odours therefore represent an indirect 
induction of affective context that results as an incidental factor in subjective 
valuations, and potentially decision making (Loewenstein & Lerner, 2003; 
Raghunathan & Pham, 1999). Our results showed that odours and olfactory-visual 
stimulus pairs have a robust effect on subjective valuations, affecting subjective 
hedonic ratings of faces, flowers and objects, ratings of facial expression, and 
decisions regarding odour pleasantness and intensity perception. As discussed, 
olfactory-visual congruency is important in these effects, and tends to increase their 
magnitude. Such findings therefore support the role of olfactory-visual congruency in 
decision making (Mitchell, Kahn, & Knasko, 1995).  
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Importantly, we observed BOLD responses in the dmPFC, a region typically 
referred to as part of the brain’s valuation system, consistently activated during 
decision making about subjective value (Bartra et al., 2013; Lebreton et al., 2013; 
Rushworth, Kolling, Sallet, & Mars, 2012). Our results support and extend findings 
from Abitbol et al. (2015), who suggested that fluctuations in pre-stimulus activity 
induced by an external context (pleasant music) could serve as a source of variability 
in subjective valuation and related activity in the brain’s valuation system. We 
showed that responses in the dmPFC were specific to a hedonic rating condition in 
comparison to control, were directly related to subjective ratings, and could be 
boosted by a pleasant odour context. The present thesis therefore contributes that 
olfactory-visual interactions are relevant in decision making, where activity in the 
brain valuation system during decision making can be modulated by a pleasant odour 
context.  
Prospect theory proposes that losses acquire more weight than equivalent 
gains during decision making (Tversky & Kahneman, 1992). Loss aversion is 
defined as the tendency to prefer avoiding losses over acquiring equivalent gains 
(Tversky & Kahneman, 1991). Previous research investigated the effects of odours 
on loss aversion, and suggested that unpleasant odours increased such effects 
(Stancak et al., 2015).  As discussed above, the present experiments observed a bias 
towards unpleasant odour and unpleasant olfactory-visual stimulus pairs, manifesting 
in modulations of subjective value and respiratory patterns. Although not directly 
comparable with losses, both unpleasant odour and disgusted faces may signal 
adverse events (Stevenson, 2010; Walla, 2008) that could result in losses. The 
notable bias towards unpleasant odour and olfactory-visual stimulus pairs in the 
present experiments may therefore relate to a greater attention towards losses as 
suggested by prospect and loss aversion theories.  
Moreover, the present findings suggest that a general focus on hedonics has a 
role in decision making about odour perception. Results showed that pleasant odour 
was rated as more pleasant and more intense when the experimental trial required a 
hedonic rating of a visual stimulus, further suggesting that affective focus is 
important in cognition and decision making (Rolls et al., 2008). 
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7.3 Further theoretical and practical implications 
 
 As indicated by the themes discussed above, the findings of the present thesis 
have potential applications across multiple disciplines. The findings have 
implications for theories of basic neuroscience; with regards to how the transfer of 
affective information from across modalities is represented in the brain, and how this 
relates to behaviour. From an evolutionary perspective, the results suggest that cross-
modal stimuli combine to produce evolutionarily adaptive neural responses, and 
influence subsequent behaviour. From a clinical perspective, progress in the 
clarification of central olfactory processing relating to decision making in the healthy 
human brain may inform understanding of neurological disease. Neurodegenerative 
disorders such as Alzheimer’s disease and Parkinson’s disease induce olfactory 
impairments in the early course of illness, which often precede the onset of other 
symptoms (Gottfried, 2006; Hawkes, 2003; Mesholam, Moberg, Mahr, & Doty, 
1998; Murphy, 1999). Increased knowledge about the functional organisation of 
olfaction may eventually lead to diagnostic and treatment interventions for such 
illnesses.  
This research may also have implications in a commercial setting where 
odours are used as part of fragranced products for home care, personal care and 
laundry. The results highlight the importance of odour valence, congruency between 
odours and visual stimuli, and bidirectional effects of odours and visual stimuli. 
Thus, such mechanisms could be taken into consideration during the development of 
product packaging and marketing. In terms of methodological implications, the use 
of SPM for analysis of ERPs in the present thesis has proved a robust and sensitive 
means to analysing data in an exploratory fashion, and should be considered in future 
EEG research. 
 
7.4 Limitations  
 
The EEG experiments in the current thesis were limited to the investigation 
of the ERP response to faces. It may have also been useful to investigate olfactory 
ERPs, or pre-stimulus oscillatory activity that occurred before face presentation that 
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may have been related to odour priming. Such analyses could have helped to further 
dissociate genuine odour priming from potential misattributed responses to odours 
themselves. However, ERPs are often used to investigate emotional components of 
the response to faces (Bentin et al., 1996; Cacioppo et al., 1993; Duval et al., 2013), 
and are used as a standard measure in the evaluative priming literature (Bensafi, 
Pierson, et al., 2002; Herrmann et al., 2000; Hietanen & Astikainen, 2013; Zhang, 
Lawson, Guo, & Jiang, 2006). The focus of the current project was to investigate the 
ERP response to faces under odour conditions, and to further validate the use of SPM 
as a novel and exploratory approach to the investigation. Hence, this ERP analysis 
method was substantial for a three year research project, and further analysis would 
not have been viable within the time frame.  
As with all imaging research, the present thesis was limited by the inherent 
spatial limitations of neuroimaging. Regions of neural activation are approximate 
rather than exact, and this must be considered during interpretation of the findings. 
As highlighted in Chapter 6, imaging of the OFC is affected by susceptibility 
gradients in echo-planer imaging (Deichmann et al., 2003), which may have resulted 
in signal loss in the fMRI investigation in the present thesis. Thus, alternative 
scanning parameters may have been preferable.  
An obvious limitation common across all experimental chapters, and to most 
studies of this nature, is that the participants were predominantly undergraduate and 
postgraduate students. Small samples from this group may not be the most 
representative for generalising results to the wider population (Henrich, Heine, & 
Norenzayan, 2010), so results should be treated with caution until they have been 
replicated cross-culturally. Further, the effects observed in the present research may 
differ as a function of the gender and age of the participants. Such differences were 
not explored in the present thesis due to time constraints, but would make an 
interesting subject for further study.  
 
7.5 Suggestions for future research 
 
  In addition to exploring gender and age differences, it may also be interesting 
to investigate odour priming using different odour intensities or odour mixtures in 
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future research. Seubert et al. (2014) found that several odour mixtures, linearly 
increasing from unpleasant to pleasant, induced a corresponding linear increase in 
face attractiveness ratings. However, no EEG data was collected. Future research 
could seek to investigate the neural mechanisms underlying such effects of odour 
mixtures, with particular emphasis on hedonic thresholds. It could be interesting to 
observe the thresholds at which odour mixtures are perceived as pleasant or 
unpleasant, when they begin to affect ratings of faces according to perceived 
pleasantness, and how neural activity correlates with such effects. Moreover, future 
research could address whether different emotional faces (e.g. happy and disgusted) 
affect the threshold at which an odour mixture is perceived as pleasant or unpleasant, 
or increase/decrease the threshold at which odours are consciously perceived. 
Investigating the neural mechanisms underlying these effects, and exploring how 
they relate to odour priming would make a valuable contribution to the present 
research and existing literature.  
The present findings are limited by the small selection of odours used in the 
experiments, owing to the complexity and length of odour experiments, which make 
it difficult to administer many different odours in one task. Future research should 
aim to employ a greater range of different odours. Furthermore, future research could 
address the role of habituation in odour priming. In Chapter 3, we observed a gradual 
decrease in hedonic effects of odours across experimental blocks, particularly with 
the unpleasant odour. Future studies could introduce time as an experimental variable 
and employ single-trial analysis of ERPs to investigate the role of habituation in 
odour priming.  
There is a vast scope for further fMRI investigations relating to the findings 
in the present thesis. Such investigations could employ dynamic causal modelling 
(DCM) analysis (Friston, Harrison, & Penny, 2003) or psychophysiological 
interaction (PPI) analysis (Friston et al., 1997) to observe the interplay between 
primary and secondary olfactory areas and the brain valuation system (e.g. the 
amygdala, OFC and dmPFC) in olfactory-visual interactions, and how these 
interactions relate to subjective ratings in hedonic versus perceptual rating tasks. 
Recent studies have pointed to the involvement of both OFC and amygdala in the 
representation of subjective valence for stimuli across modalities (Chikazoe, Lee, 
Kriegeskorte, & Anderson, 2014; Jin et al., 2015). However, the findings are 
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somewhat mixed with regards to whether activity in the OFC and amygdala support a 
unique functionality (Jin et al., 2015). Future investigations of olfactory-visual 
interactions using PPI and/or DCM could be used to address this question.  
 
7.6 Concluding remarks 
 
 Odours and emotion are closely linked due to the overlaps between olfactory 
and emotional systems in the brain. The present thesis employed novel paradigms 
and analysis methods to investigate the neural mechanisms underlying the effects of 
odours on hedonic and emotional perception. It is clear that odours influence 
evaluations of visual stimuli. Visual stimuli presented with unpleasant odours evoke 
strong neural and behavioural responses manifesting in changes in subjective ratings 
and respiratory patterns, which are likely evolutionarily adaptive. Further, in the 
same way that odours influence evaluations of visual stimuli, visual stimuli influence 
odour pleasantness and intensity perception. Olfactory-visual interactions are often 
dependent on congruency, and are represented in late ERP components and 
associative brain regions located in the frontal cortex. Results from the present thesis 
provide further support for the role of the frontal cortex, namely dmPFC in 
subjective evaluations, and suggest that related activations are mediated by odour 
context. The present thesis expands previous findings and offers new insights to 
cross-modal, evaluative priming, decision making and reward processing literatures. 
It is hoped that the findings provide a basis for future neuroimaging research 
addressing the cross-modal effects of odours, and the corresponding representation of 
valence in the brain.   
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